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SECTION 1
INTRODUCTION AND SUMMARY

1.1 BACKGROUND

An earlier ARPA funded holographic grating ltudy* demonstrated
that a nonlinear (i.e.,, curved and unequally spaced) grating could be placed
on the primary mirror of a laser beam pointing system to focus a sample
of the beam to a conveniently located alignment sensor, With this approach,
the full beam wavefront can be sampled. Also, because the primary mirror
is the last element in the optical train of the outgoing beam, the wavefront
error of the entire optical train is imprinted on the sampled beam, This
beam can then be used for wavefront error diagnostic and control pur poses,
It should te noted that rather than sampling the high-energy laser (HEL)
beam itself, the typical utilization is to sample an alignment beam (typically
at 0, 6328 micrometers) which traverses the same optical path as the HEL
beam,

The method by which the sampled beam from a holographic grating
on the primary mirror of a laser pointing system can be used for wavefront
and line-of-sight (LOS) control is illustrated conceptually in Figure 1. The
sensor package itself cannot serve as a LOS reference, pa-ticularly when
steering off-axis. Hence, an inertially stabilized reference beam is added
to the system, which when focused on the sensor detector plane serves as
the inertial pointing reference. The sample beam from the holographic
grating is also focused on the sensor detector plane. If the beams focused
position does not correspond to the reference beam position, thea the out-
going beam is not properly aligned to the desired inertial pointing reference
direction. An error signal proportional to the displacement between the
sample and reference beam will drive the beam steering mirror until the
displacement is zero., The outgoing beam will then be inertially stabilised
and aligned to the desired pointing direction,

*Holographlc Grating Study Report, Vol. I, Hughes Aircraft Company,
Contract No, F30602-76-C-0402, August 1978,
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1.2 OVERVIEW

The objectives of the Holographic Alignment Breadboard (HOLAB)
program were to design, fabricate, and test the holographic grating laser
beam sampler alignment technique described above. A breadboard system
was designed and fabricated which incorporated an on-axis primary mirror
with a 30-centimeter diameter and an F-number of F/1, 5. Tests were con-
ducted with the breadboard to establish the operational prop erties of this
sampler alignment technique, Angle sensor test results provide a data t ase
of experimental measurements for the ability of a holographic grating to
correctly sense beam steering performance, In addition, interferometric
measurements of the wavefront relationships of the outgoing beam and the
sample beam assess the wavefront aberration sensing capabilities of this
technique,
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The.-HOLAB program involved the development and testing of a

[‘ holographic beam sampler alignment Breadboard Model within six principal
' tasks:

-

1. The first task was to design the breadboard, develop the experi-
mental plan for establishing its performance, and define the
performance criteria to quantify the experimental results.

2, The second task involved the fabrication of the breadboard.
3. The third task was the preliminary check-out of the breadboard.

4, The fourth task implemented pointing error measurements of
the outgoing beam while the sampled beam and reference beam
are servo controlled to be coincident on a common angle detector.
These data support the pointing direction measurement capa- _
bilities of the holographic sampling technique, ]

N Al e gan soe g EaN )

5. The fifth task implemented interferometric measurements of
main and sampled beams to determine their wavefront relation-
ships in support of wavefront aberration sensing by holographic
sampling approaches. .

6. The sixth task established the operational properties of the
breadboard from the experimental results in terms of beam
wavefront and alignment sensing and control.

1.3 BREADBOARD SCHEMATIC

The optical schematic of the HOLAB program breadboard is shown
in Figure 2, Important features of the breadboard are:

1. Automatic closed-loop tilt control of the input beam in azimuth ' '4
and elevation. .

2, Off-axis steering control of £2 milliradians by manual rotation
of the reference flat as well as the reference beam laser and
expander which are mounted to it.

v 3. Manual focus and x-y translation of the secondary mirror and/or
collimating lens for alignment effect studies.

§ 4, Manual strain mechanisms behind the primary mirror for mirror
- deformation effect studies.

5. Provisions for producing interferograms of the sampled beam
and autocollimated outgoing beam for wavefront phase compari-
son measurements,

A bk

{ 6. Angle detectors for measuring angular deviations of the out-
= going beam, sample beam, and reference beam,
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Figure 2. HOLAB optical schematic.

The reference flat autoreflects the outgoing beam back through the
beam expander and permits the pointing angle and phase profile of the
outgoing beam to be measured with convenient sized optical components,
The reference flat is located forward of the secondary mirror so that the
support and displacement mechanism for the secondary mirror and collimating
lens do not obscure the beam expander aperture.

A photograph of the HOLAB Breadboard hardware is given in
Figure 3,

1.4 PRINCIPAL ACCOMPLISHMENTS

The significant results of the HOLAB program include the following:

1. First Holographic Grating in a Beam Control Configuration, The
AOLAEB Hofognpﬂic grating was fabricated on an f/ i. 5, 30 centi-

meter diameter paraboloidally figured primary mirror, The

4

-
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Figure 3. HOLAB breadboard.
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beam sampling configuration (sample beam focused near the
vertex of the secondary mirror of an afocal beam expander) is
the same as that which would most likely be designed for a beam
control system of any scale. The HOLAB holographic grating

is the first known hardware application which utilizes this beam
control configuration.

2. Predicted Holographic Grating Sampling Efficiency Achieved.

e abillty to achleve the predicted sampling efficiency confirms
the analytical accuracy of the diffraction codes. In addition, the
controllability of the various fabrication processes required to
produce the holographic grating was demonstrated.

3. [Experimental Data Correlates Well with Analytical Predictions.
e wavefront perturbations and pointing error measurements
measured with the HOLAB breadboard correlated well with
analytical predictions. This important outcome confirmed the
validity of the analytical techniques used for performance
predictions.

4. Data Confirms Necessity for Alignment Control of the Collimating
Lens Assembly. The experimental data show that measuremen
accuracy ﬂmf&tionn are created by misalignments of the col-
limating lens assembly. This misalignment adds coma to the
sample beam which does not exist on the outgoing beam. Hence,
false output wavefront aberration errors and coma-induced pojnting
errors are implied by the sample beam wavefront sensor measure-
merﬁogl System design techniques for controlling these errors are
available.

5. Ultimate Measurement Precision of this Technique Exceeded the
Current Measurement Resolution of the HOLAB h adboard.
Optical figuring errors on the primary mirror lur!aco and residual
n.borution in the nominally aligned system sample beam limited
HOLAB data measurement accuracies. These limitations can
be reduced in any system by more stringent allocation of fabri-
cation tolerances and/or by precise initial ''static-error' calibra-
tion of wavefront sensors used.

1.5 REPORT ORGANIZATION

Section 1I, Breadboard Design, details the analytical design efforts
which preceded the fabrication of the HOLAB breadboard. The optical design
and tolerancing of the breadboard components is described in Section 2. 1.

In addition, system radiometric, imaging, and pointing performance predic-
tions are recorded. Section 2.2 describes the mechanical layout of the bread-
board and the design features of the major mechanical components. Sec-

tion 2, 3 discusses the servo performance analysis of the breadboard and the
design features of the major servo hardware components.
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Section llI, Holographic Grating Fabrication, discusses the processes
required to fabricate the holographic grating on the surface of the HOLAB
primary mirror. In addition, performance predictions and measured data
are also described.

Section 1V, Experimental Results, discusses the reduced experimental
data which were obtained with the HOLAB breadboard and compares these
measurements to analytical predictions.
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SECTION 11
BREADBOARD DESIGN

2.1 OPTICAL DESIGN

2.1.1 Introduction and Summary

The HOLAB optical system, Figure 4, consists of (1) an 8X con-
focal parabolic beam expander, (2) a low efficiency holographic grating on
the primary mirror to diffract a small portion of the incident beam as a
sample beam focused at the vertex of the secondary mirror, (3) a collimating
lens group that collimates the sample beam such that sample beam diameter
is close to that of the input laser beam, and (4) a collimated reference beam
that is focused by the vertex lens at the vertex of the primary mirror to the
same spot where the sample beam is focused. The collimated sample beam
is used to monitor beam quality. The sample beam, together with the
reference beam, is used to control line-of-sight (LOS).

The HOLAB optical design task was to (1) perform system tradeoffs
in the areas of FOV, obscuration, and vignetting; (2) perform detailed design
of all the optical components including the holographic grating construction
optical elements; (3) make performance evaluation in terms of OPD maps and
centroid linearity; (4) determine optical tolerance and associated necessary
alignment adjustments; and (5) provide optical element drawings, optical
system layout and holographic grating construction optical layout.

Performance goals for the design effort were that the sample beam
wavefront should match the outgoing laser wavefront to within one wave peak-
to-valley at 0.6328 microns for the entire #2 mrad FOV in output space and
that LLOS control accuracy should be within 1 uyrad between the reference
beam and outgoing laser beam centroids over the 2 mrad FOV, The system
design meets these performance goals. Its optical characteristics are given
in Table 1.

42




SRSt B SO A NS SRR Sttt S ARt O E A DESEER A RN |

*weasAs BoRdo GYI0H b emory

(-]
)

HOUUIN AHVAONCD3S




(L IOtk sinls § AR
P | et T .
-t . Te e . A . . - EY

A EIN
o [

o T ey
V0, faste T e

- P R R
. R T PRS

Mol S v e .
AR A -
ot v,

Ll s S e el

TABLE 1. HOLAB OPTICAL CHARACTERISTICS

Afocal Beam Expander

Afocal Magnification 8X
Primary Mirror Aperture 11,811 inches
Primary Mirror F-number F/1.5
Separation Between Primary Mirror and

Secondary Mirror 15.502 inches
FOV +2 mrad
Primary Mirror Linear Obscuration 0.3

Sample Beam Optics

Holographic Grating EFL 15.502 inches
Collimating Optics EFL 1.880 inches
Afocal Magnification 8X
Collimating Optics F-Number 1.27
Collimating Optics FOV +16 mrad

Reference Beam Optics

EFL 15,502 inches
F-mumber 70.5
FOV +2 mrad

Wavelength (all beams) 0.6328 micron

2.1.2 Optical Design Details

This discussion of the optical design is divided into three subsections:
(1) sample beam collimating lens design, (2) reference beam vertex lens
characteristics and design, and (3) folding mirror position and system obscur-
ation censiderations.

Sample Beam Collimating Lens Design. The sample beam diffracted from the
holographic grating has a large amount of comatic aberration because the

speed of the combination of the primary mirror reflecting power and the
holographic grating diffracting power is very fast (F/0.7). The main goal

of the collimating lens design is to correct the comatic aberration of the
sample beam. The collimating lens group (Figure 4) consists of four spheri-
cal lenses with a negative lens closest to the secondary mirror and a three
positive element closely spaced lens group. The collimating lens also

10
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collimates the sample beam to have the same diameter as that of the input
laser beam, so that an interferogram of the sample beam can be produced. ‘

The collimating lens optical parameters together with the construc-
tion optical parameters initially were optimized so that the spherical and
comatic aberrations of the collimated sample beam were minimal. Finally
all optical parameters were optimized to match the wave aberrations of the
sample beam to that of the outgoing laser beam to within one wave peak-to-
valley at 0.6328 micron for all field angles.

Reference Beam Vertex Lens Characteristics and Design. The reference

beam is used with the sample beam to control LOS so that the outgoing laser
beam is parallel to the reference beam within an accuracy of 1 urad. This A
condition can be achieved by using a reference beam vertex lens with the 4
identical focal length as the hologram on a first order optics basis (Figure 5). |
The wavefront aberration of the sample beam caused the centroids of the

sample beam to shift slightly from that of the reference beam for different
field angles. If the focal length of the vertex lens of the reference beam is
adjusted, the centroids of the reference beam can track those of the sample ]
beam if the sample beam centroid shifts are linear with respect to field 1
angle.

The design of the reference beam vertex lens consists of a negative
and positive lens pair with adjustable spacing between the lenses. This design
provides a focal length adjustment capability, and hence, avoids overly tight -1
fabrication tolerances. It also permits spacing betweenthe vertex lens and
primary mirror vertex to be obtained for inclusion of an aperture stop physi- 1
cally at the vertex. The tradeoffs between the centroid shift sensitivity and R
the power of the negative lens element with the lens separation as parameter )
are shown in Figure 6. The centroid shift sensitivity is stroangly influenced

by the power of the negative lens and is relatively insensitive to the spacing !
between the lenses. The design point was selected at a moderate centroid |
shift sensitivity of 0. 76 urad/mil (30 prad/mm) at the extremes of the 2 mrad 'j
FOV, The lens separation is 0.157 inch (0.4 cm) so that a focal leagth i
adjustment on the order of #5 percent can be made. 1

11
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Figure 5. Focal length adjustment of vertex lens and LOS control.

Folding Mirror Position and System Obscuration. The folding mirror
between the primary and the secondary mirrors directs the outgoing beam

from the laser source into the 8X beam expander as shown in Figure 4.

This folding mirror must have sufficient area to reflect the centrally obscured
beam onto the secondary mirror without any vignetting. Because of the 4 mrad
FOV in output space, the outgoing beam will wander on this folding mirror;

the extent of the beam wander is shown in Figure 7. The outer area is visi-
bly larger than the extent of the input laser beam, but the folding mirror
reflecting area should not be extended to block the return sample beam from
reaching the secondary mirror vertex, Figure 4. Also, the center unused
mirror area is much smaller than the centrally obscured portion of the incom-
ing beam. The central unused portion of the folding mirror will be made into
a hole for the reference beam to pass through.

If the folding mirror is placed too close to the secondary mirror,

the return sample beam will be blocked by the folding mirror. Two sets of ‘
curves for the 8X HOLAB system, with FOV and linear obscuration as '
parameters, are shown in Figure 8. The solid lines correspond to the 1
extremse point of the laser beam (B in Figure 4) on the folding mirror
closest to the secondary mirror. The dashed lines correspond to the mini-
mum clearance required for the return sample beam to clear the folding ——
mirror. For the present HOLAB system with 0.3 linear obscuration of the

12
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laser beam and 4 mrad FOV, the folding mirror cannot be placed more than
6.890 inches (17.5 cm) from the vertex of the primary mirror. The set of
curves in Figure 9 relate the maximum unused central linear dimension

of the folding mirror to the position of the folding mirror; the curves corre-
spond to different values of the linear laser obscuration ratio and to the beam
steering FOV. The unused area must be large enough to take care of mirror
hole roll-off and reference beam wander due to its 4 mrad FOV.

For the 0.3 linear obscuration and 4 mrad FOVHOLAB system, the
near optimum position of folding mirror is about 6.496 inches (16.5 cm)
from the primary mirror vertex, At this position, the closest separation
between the return sample beam and the outgoing laser beam at the folding
mirror is 0.079 inch (0.2 c¢cm) wide along the X axis. After allowing full FOV
reference beam wander with a reference beam size of 0.094 inch (0.24 c¢m)
in diameter at the vertex of the primary mirror, the closest separation
“etween the input laser beam and the reference beam at the folding mirror is
0. 006 inch (0.15 cm).

The clearances given above correspond to limit ray intercepts in the
plane of the fold mirror and do not allow for fold mirror positional tolerances
or chamfers. Since the ray clearances are tight; a compromise between FOV,
obscuration ratio and vignetting is recommended. Also the fold mirror is
relatively much closer to the secondary mirror than in actual HEL system
configurations. Moving the fold mirror back eases the outer ray clearances
but further reduces the reference beam size for no vignetting.

Due to the mirror roll-off and mirror position tolerance considera-
tions, the limiting ray of the outgoing laser beam was set at least 0.020 inch
(0.051 cm) from the edge of the mirror and the limiting ray of the return
sample beam closest to the folding mirror will have a clearance of 0.020 inch
(7.051 cm) minimum from the edge of the folding mirror. By setting the
tolding mirror at 6.250 inches (15.875 cm) from the vertex of the primary
mirre>, the above clearance can be just achieved. The footprints of the outgoing
laser beam and the return sample beam on the folding mirror for the folding
mirror at this position are presented in Figure 7. These footprints are obtained
at the expense of having an even smaller unused area at the center of the
folding mirror. To avoid vignetting of the reference beam by the hole
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in the folding mirror, the limit ray of the reference beam also had a clearance
of 0.020 inch (0.051 cm) from the edge of the hole at the center of the folding
mirror. The hole was set at 0.197 inch (0.5 c¢cm) across the X-axis (Fig-
ure 7) so that at least a reference beam of 0.197 inch (0.5 cm) diameter
would be allowed at the vertex of the primary mirror without vignetting for
the full FOV. Consequently, the incoming laser beam at the folding mirror
will be slightly vignetted by the hole at the folding mirror (shaded area in
Figure 7) for field angles greater than 1.5 mrad. The maximum vignetting
factor at the extreme field point would be 0.53 percent of the incoming laser
beam cross section assuming an 0.3 obscuration ratio and 2 mrad maximum
field angle, A small additional centroid shift could result for the return
sample beam, but it can be avoided by increasing the obscuration ratio to
0.375 (as can be simulated readily by a mask appropriately placed in the
beam path),

2.1.3 Optical Analysis

The HOLAB optical analyses included: (1) sample beam wavefront
OPD map, (2) LOS accuracy, (3) output laser beam focusing range effects on
LOS accuracy, and (3) optical tolerance sensitivity and alignment adjustments.

These topics are described next.

Sample Beam Wave Front OPD Map. The sample beam optics together with

the limit ray paths are presented in Figure 4. The OPD curves in the
tangential and sagittal planes are shown in Figure 10 at three different field
angles for both the sample beam and the 'outgoins laser beam. The outgoing
laser beam wavefronts exhibit typical field curvature aberration, whereas
the sample beam wavefronts have field curvature and residual comatic
aberrations, The maximum wavefront deviation of the sample beam focus from
that of the outgoing laser beam is about 0,35 wave peak-to-valley at 0.63 um.
The wavefront contour maps of the sample beam and the outgoing laser beam
at the same three field angles is shown in Figure 11. These predicted
wavefront contours are similar to the fringe pattern that might be seen in

an interferogram.,
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LOS Accuracy. At an on-axis field angle, the reference beam and the

sample beam are both focused to the same point near the vertex of the
secondary mirror, and the centroids of both beams will be controlled to
be coincident on the centroid detector. At the full field angle, the focal 1

—vv [ e,

length of the vertex lens was adjusted so that the centroid of the reference

this case, the centroid shift of the sample beam, for all practical purposes,

} beam coincides with that of the sample beam on the centroid detector. In
-

is a linear function of the field angle. Consequently, the centroid difference
: between the sample beam and the reference beam is well within the LOS
_ accuracy requirement (1 prad) for all field angles. The LOS accuracy
“ evaluation for the nominal system is shown in Table 2. The maximum pre-
dicted centroid difference between the reference beam and the sample beam

is about 0. 5 prad in the detector space, which corresponds to 0. 06 urad in

LOS accuracy. .

Output Laser Beam Focusing Range Effects on LOS Accuracy. By adjusting

the spacing between the confocal parabolas, the outgoing laser beam focusing
range can be adjusted. As this separation is increased, the outgoing laser
beam will be focused at a finite distance. The range effects on LOS accuracy
are given in Table 3. The LOS error would be under 1 prad if the outgoing

laser beam is focused at a range greater than 1 km, which corresponds to :
a change in the separation between the confocal parabolas of less than .

Optical Tolerance Sensitivity and Tolerance Compensating Adjustments.

Manufacturing and alignment optical errors can easily cause the sample )
A beam wavefront to deviate from that of the outgoing laser beam wavefroat by T
b more than ane wave at 0.6328 micron. Spherical, comatic, and defocusing

ﬁ sample beam wavefront aberrations are introduced. The optical tolerance

! sensitivities of those breadboard optical element fabrication and alignment ..'-
parameters that can effect aberrations in the sample beam are given in T
Tables 4 and 5. The change in the parameters are set according to

standard optical industry practice. Adjustments are necessary to com- 1
pensate the aberrations generated. First, the focal length of the primary

2l
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TABLE 2. LOS ACCURACY EVALUATION

Sample Beam Reference Beam LOS o
Centroid mrad Centroid mrad Accuracy,
FOV, mrad (in sensor space) (in sensor space) uprad

0.7959 6.3678 6.3673 0.06
1.3928 11,1443 11,1438 0.06
1.9897 15.9219 15.9220 0.01

TABLE 3. CONFOCAL PARABOLA SEPARATION AND
LOS ACCURACY

3 Increase in LOS Change
{ Confocal Parabola Outgoing Laser Beam at 2 mrad
Separation, inch Focusing Range, km Field Angle, prad :
- —— 11 == ﬁ .
)~ 0 0 o g
0.005 1.62 0.6 4
0.010 0.8l 128 *
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SAMPLE BEAM COLLIMATING OPTICS

MANUFACTURING SENSITIVITIES

Sample Beam Wavelront
Aberration (A= 0.6328 um)

Parameter Nominal Value Change Comatic(\) Spherical()) Mjl\.l?t::.nt.

Lens IV 4.190 in. #0. 004 in. 0.02 0.000 in.
Radit 12.618 in. %0, 013 {n. 0.02 0.000 in.
Lens V 1.516 #0. 002 in. 0.02 0.001 in.
Radii 1.219 0. 001 ia. 0.02 0.001 in.
Lens VI 5.83¢ in. #0, 006 in. 0.02 0.001 in.
Radii 2.301 0. 002 in. 0.07 0.001 in.
Lens V11 9.586 0. 010 ia. 0.15 0.000 in,
Radii 3.512 20, 004 in. 0.15 0.001 in.

’ Lens IV Thicknees 0.235 in. 20, 002 in. 0.01 0.002 in.

& Lens V Thickness 0.392 in. 20. 002 in. 0.25 0.003 in,

s Lens VI Thickness 0.396 in. +0. 002 in. 0.20 0.001 in.

't . Lens VII Thickness 0.395 in. 40. 002 in. 0.0¢ 0.000 in.

k Lene IV Wedge 0 0.5 mrad 0.10 0.

% Lens V Wedge 0 0.5 mrad 0.28 0.

L Lens VI Wedge 0 0.5 mrad 0.10 0.

1 Lens VII Wedge 0 0.5 mrad 0.33 0.

‘Focu- adjustment is performed by moving the collimating lens group axially along the optical axis

T
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TABLE 5. SAMPLE BEAM COLLIMATING OPTICS
ALIGNMENT SENSITIVITIES

)

Sample Beam Wavefront
Aberration (A= 0.6328 um)
Focus
Parameter Nominal Value Change Comatic(\) Spheric()) Adjustment
Spacing: h_—
Lens V to Lens VI 0. 008 in. 0. 001 in. 0.12 0.001 in.
Spacingt .
Lens V1 to Lens VII 0. 008 in. #0. 001 in. 0.06 0.001 in.
Lens IV Tilt 0 #0.5 mrad 0.21 0
Lens V Tilt 0 20.5 mrad 0.16 0
Lens VI Tilt 0 #0.5 mrad 0.24 0
Lens VI Tilt 0 #0.5 mrad 0.17 o
Lens IV Decenter 0 #0. 001 in. 0.1¢ 0
Lens V Decenter 0 20, 001 in. 0.44 0
Lens VI Decenter o #0. 001 in. 0.17 °
Lens VII Decenter 0 %0. 001 in. 0.16 0
Lens IV Index 1.528 #0, 001 in. 0.08 .0.000 in.
Lens V Index 1.628 +0. 001 in. 0.01 0.000 in.
Lens V1 Index 1. 628 #0, 001 in. 0.04 0.001 in.
Lens VII Index 1. 625 #0. 001 in. 0.27 0.001 in.
*Focus adjustment is performed by moving the collimating lens group axially along the optical axis
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TABLE 6. COLLIMATING OPTICAL ADJUSTMENT
SENSITIVITIES

Sample Beam Wavefront
Aberration Sensitivities
(AN=0.6328 um)

Nominal Focus
Parameter Value Comatic Spherical Adjustment

Decentering of
Collimating 0 0.58 A\/mil 0
Lens Grouwp

Spacing between
Lens IV and V 0.374 in. 0.13\/mil 0.001 in.

*Focus adjustment is performed by moving the collimating lens group
axially along the optical axis

mirror can be measured and adjustments to the construction optics distances
computed to take the actual mirror radius into account., Second, manufactur-
ing and alighment errors can be compensated by making collimating lens
adjustments (Figure 4). Focusing error can be deleted by adjusting the
collimating lens group along its optical axis, A lateral adjustment of the
collimating lens as a whole can compensate for the comatic aberration. By
adjusting the spacing betweenthe negative lens element and the three element
positive lens group, the spherical aberration can be reduced. The collimat-
ing lens optical adjustment sensitivites are given in Table 6. Detailed
tolerance analyses have concluded that with these three collimating lens opti-
cal adjustments and the assignment of the optical parameter tolerances
according to standard optical industry practice, the sample beam wavefront
can be adjusted to that of the nominal design. The three alignment adjustment
ranges required are presented in Table 7 and must be accommodated by

the mechanical design.

The reference beam optics is an extremely slow system of F/70. The
optical errors produced by standard optical practices can be tolerated by
lateral and axial adjustments of the vertex lens pair as a whole and the
spacing between the lens pair. Tolerances for the vertex lens are given
in Table 8.

25

. - . o - PRy D W PN U




o

TABLE 7. COLLIMATING LENS OPTICAL ADJUSTMENT

RANGES REQUIRED

Nominal
Parameter Value Adjustment Range, mils
Axial Movement 0.663 in. +47
of Collimating
Lens Group
Decentering of 0 +30
Collimating
Lens Group
Spacing between* 0.374 in. £20
Lens IV and V
*Lens labeling is presented in Figure 4.
TABLE 8. VERTEX LENS TOLERANCE
Parameter Nominal Value Tolerance*
Lens VIII 37.900 in. +0, 038 in.
Radii 3. 660 in. . +0, 004 in.
Lens IX 34.473 in. +0. 034 in.
Radii 3.015 in, +0, 003 in.
Lens VII Thickness 0. 203 in. +0, 002 in.
Lens IX Thickness 0. 203 in. %0, 002 in.
Lens VIII Wedge 0 0, 6 mrad
Lens IX Wedge 0 #0. 6 mrad
Lens VIII Tilt 0 #1.5 mrad
Lens IX Tilt 0 %1,5 mrad
Lens VIII Decenter 0 #0, 001 in.
Lens IX Decenter 0 %0, 001 in.

I.'Negl.i.gi.ble performance degradation results from these values
because of the slow (F/70) lens speed.
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2.1.4 Breadboard Component Descriptions

The major optical components of the HOLAB breadboard and their
fabrication tolerances and dimensions are detailed in this section.,

Beam Expander. The optical specification of the HOLAB £/1.5 confocal
parabolic primary and secondary mirrors required that the wavefront
emerging from the combination should not be irregular by more than \/2

(A= 0.6328 ym) when a plane wavefront is incident on the secondary mirror.
The beam expander is shown in Figure 12.

Reference Flat Mirror. The optical specifications of the reference flat used
to retroreflect the outgoing beam require that the flat be polished to a radius
of infinity £A/2 and to an irregularity not greater than A\/8 (A = 0,6328 um).
The reference flat is shown in Figure 13.

Beamsplitters and Mirrors, The diameters of the beamsplitters and mirrors
(excluding steering mirrors SM1l, SM2 and SM3) were specified as 4.0 inches
(0.500 inch thick) to enable standard catalogue items to be used to mount
these components,

The diameter of the steering mirrors was specified as 3.0 inches
(0. 500 inch thick) to enable the steering inertia to be comfortably below
the 1000 gxn-cmZ limit imposed by the selection of G-300 PDT scanners.
The reduced diameter of the steering mirrors is accommodated by mounting
SM1 and SM2 at 30 degrees to the incident test beam laser (all other com-
ponents are mounted at 45 degrees) and by positioning SM3 near the location
of the primary mirror image formed by the collimating lens.

The substrates for these components were specified to have a
polished surface flatness of \/20 (A = 0,6328 pm) within a 80 percent clear
aperture for the 4,0 inch diameter components and within a 90 percent clear
aperture for the 3.0 inch diameter components. Both surfaces of the beam-
splitters were specified for a flatness of \/20. All folding mirrors were
coated with a high reflectizitvA(R > 99.8 percent at \ = 0. 6328 um) dielectric
coating for use at angles ofvi-hc‘id'gii,te of 30 and 45 degrees. The folding

mirror is shown in Figure 14. %
'+
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NOTE: ALL DIMENSIONS
IN INCHES

R £ A/2
A/8 IRREGTY
(A=0.8328 uM)

<°

// gL._——

NN

QN

|

NOTES: UNLESS OTHERWISE SPECIFIED

1. SPECIFICATIONS
SURFACE QUALITY: 80/40 SCRATCH & DIG
CLEAR APERTURE: 12.26000
00010
COATING: ALUMINIZED AND OVERCOATED

N
&\\\\\

125004
MAX

1.28 x 48°
| CHAMFER

2. INTERFEROGRAMS OF THE REFERENCE
FLAT ARE REQUIRED IN TWO AXES

—

Figure 13. Mirror, reference

flat.

200 |po—

mﬂo

0.500
0.198
0.199
k] 0.004 A
1918 //<
1908 *
(=2-] -mmuu A/10
’ A/20 IRREGTY
{A=0.6328 um)
0010 x 0.010

CHAMFER

NOTES: UNLESS OTHERWISE SPECIFIED
1. SPECIFICATIONS:

SURFACE QUALITY: 60-40 SCRATCH & DIG CLEAR APERTURE: WITHIN 0.020 OF OUTSIDE

EDGE AND WITHIN 0.020 OF INNER HOLE, COATING: ALUMINIZE & OVERCOAT

2. SURFACE MARKED P” POLISHED, ALL OTHER SURFACES GROUND

Figure 14. Fokding flat mirror.
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2.1.5 Breadboard Radiometry

Beamsplitters are required to separate a portion of the test laser beam
for use as an interferometric reference, and to combine the sample beam,
outgoing beam and reference beam along the same optical path for interfero-
metry. The required beam splitting ratios of the beamsplitters were calculated.
This calculation considered the reflectivity of mirrors, the diffraction
efficiency of the holographic grating, the input laser power, and the energy
density required to record interference fringes on film. The anticipated
reflectance or transmittance values for each optical component in the HOLAB
breadboard is given in Table 9.

The reflectances and transmittances of the beamsplitters that will
equalize the energy in the sample, outgoing and interferometric reference
beam are given in Table 10. Two of the beamsplitters have beamsplitting
coatings on the front surface (BS3 and B4); two of the beamsplitters use the
energy reflected at the air-glass interface to achieve the proper beamsplitting
ratio (BS1 and BS2). Each parallel plate beamsplitter has an antireflection
coating on the back surface to reflect less than 0.1 percent of the incident
light, The beams reflected at the second surface, therefore, will be reduced
in magnitude, with respect to the front surface reflected beam, by (0.001)

x (transmittance of the bea.msp_lit:in.-.r)2 and will at the worst case, (uncoated
beamsplitter BS1 and BS2) be less than 0.9 percent of the front surface
reflection., The effect of this light on the contrast of the desired interference
fringes formed between the outgoing or sample beam and the interferometric

reference beam is negligible,

Polarization Dependent Effects. The polarization dependent effects of the
optical components that comprise the HOLAB Breadboard were determined

and are detailed below. This determination was made because the output

of the test beam laser is linearly polarized.

1. The high reflection coating on the beam direction, translation,
and steering mirrors and the folding flat reflect greater than
99. 8 percent for both s and p polarized light.

2. The beamsplitting coating on the front surface of the parallel
plate beamsplitters must be specified for s or p polarization.
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TABLE 9. REFLECTANCE AND TRANSMITTANCE OF
HOLAB OPTICAL COMPONENTS

Components Common to All Beams

Beam Directing Mirror 1 0. 998
Beam Directing Mirror 2 0. 998
Pockels Cell 0.76
Beam Expander (without pinhole) 0.9
Pinhole (in beam expander) 0.993

b
F Components Specific to Each Beam

Interferometric
Reference
Beam Qutgoing Beam Sample Beam Reference Beam
BS2 R 0.0921 BS2 T 0.9079 BS2 T 0.9079 | Periscope 0. 996
Ml 0.998 BSI T 0.9079 BS1 T 0.9079 | Corner Cube 0.95
M2 0.998 BTM 0.998 BTM 0.998 Vertex Lens 0.9
[ . M3 0.998 SM1 0.998 SM1 0.998 Collimating Lens 0.9%
} BS3I R 0,27 SM2 0.998 SM2 0.998 SM3 0.7998
Folding Flat 0.998 Folding Flat 0.998 BS4 0.500
Secondary 0.89 Secondary 0.89 Detector Lens 0.90
.Primary 0.76 ‘Gruiu 0.10
;‘ Reference Flat 0.89 Collimating Lens 0.95
r *Primary 0.76 sM3 0.998
Secondary 0.89 BS1 T 0.9079
Folding Flat 0.998 BS4 T 0.500
SM2 0.998 BS3 T 0.7289
SM1 0.998
! BTM 0.998
BS1 R 0.0921
. BSI R 0.7289

‘Auumlu a holographic diffraction grating efficiency of 0. 10.

-

31

——TT T ¥

b ou 2 o a.ad

. oo . ;
I G S, RPN A w0 L a4 a =




TABLE 10. BEAMSPLITTING RATIOS FOR HOLAB COMPONENTS

BS1

BS2

BS3

BS4

L—‘

Calculated Anticipated

0.9079 T 0.9079 T
0.0921 R 0.0921 R

0.9079 T 0.9079 T
0.0921 0.0921 R

0.2711
0.7289

0.3000 £5%
0.7000 ¥ 5%

0.5000
0.5000

0.5000 £5%
0.5000 ¥5%

A 3 P
o A

The reflection coefficient at an air/glass (n = 1,50) interface
for an angle of incidence of 45 degrees is 0.0921 for s polarized
light and 0.0085 for p polarized light. Parallel plates with
uncoated front surfaces could be used as beamsplitters when
the desired reflectance from the surface matches the reflection
coefficient of the uncoated surface.

Antireflection coating on beamsplitters will reflect less than
0.1 percent of both s and p polarized light,

The holographic grating is polarization sensitive, Greater
uniformity is obtained for the p polarization as a function of
positional radial. Nonuniformities occur in the s polarization
when a diffraction order begins to radiate. In spite of these
effects, the overall beam profile appears to be sufficiently
uniform. Therefore, for low efficiency gratings, the groove
depth or profile of the grating across should not have to be
tailored as a function of radius for either polarization.

Problems that could arise because of phase shifts existing
between reflected beams with s and p polarization are assumed
negligible because the input beam is linearly polarized.

The diffraction efficiency of the grating will vary as a function of
angular orientation because the linearly polarized test beam
laser changes from parallel to perpendicular to the grooves of
the circularly symmetric holographic diffraction grating every
90 degrees.

Because the diffraction efficiency of the s and p polarizations are
only slightly different and because the efficiency of the holographic grating
is low, items 5 and 7, above, were not expected to affect the performance of
the HOLAB experiments,
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Interferometer Film Selection. Polaroid film type 57, ASA 3000, was
selected to record interferograms. The exposure required to produce a
visual density of 0.5 (a density just noticeably darker than white) on this
positive film (greater exposure, less density) is approximately 0.005 ergs/
cmz. The average energy density on the film was calculated to be

5.2 ergs/cm -sec. Thus, a film exposure of a fraction of a second on
Polaroid film type 57, ASA 3000, is required.

2.2 MECHANICAL DESIGN
2.2.1 Introduction

The mechanical design task consists of the layout, design, procure-
ment, and fabrication of the mechanical components associated with the
HOLAB breadboard. The breadboard design incorporates a commercially
available optical table complete with isolation supports., The secondary
mirror is provided with three orthogonal axes of translation. One axis,
manual, off-axis steering of the output beam from the beam expander of
#2 mrad is also included. Provisions to distort the primary mirror sub-
strate are built into its support. Adjustments are provided where appro-
priate for proper operation and ease of assembly of the breadboard.

2,2,2 General Layout

As shown in an early perspective view of the overall breadboard
(Figure 15), standard laboratory optical mounts have been incorporated
wherever possible throughout the assembly. Adjustments to the optical
components are easily accessible because of their location on the isolated
table. These components are described in more detail in this subsection.

2,2,3 Component Design Features

Optical Table. The optical table, with its isolation supports, was pro-
cured from Newport Research Corporation. The table (RS410-18) is 4 feet
by 10 feet, and 18 inches thick, It has a 3/16 inch thick ferromagnetic
stainless steel top skin with 1/4-20 mounting holes on l-inch centers. It

also has a high density steel honeycomb core and an internal damping system
to suppress structural resonances. The four supports (XL4A-16) are 16 inches
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high. These free standing pneumatic isolation mounts have pneumatic

height sensing control valves.

Primary Mirror. The primary mirror is assembled into a type YMM-16C
mount, supplied by the John Unertl Optical Company (Figure 16). This
mount is designed to accept a 16-inch diameter mirror. The Hughes

12,5 inch diameter mirror mounts into an adapter cell to fit the exiting
16 -inch diameter. Independent angular adjustments in both planes are
made by handwheel driven precision screws that operate in a push-pull
manner. The center of rotation of either angular motion is coincident

with the apex of the primary mirror.

The primary mirror can be deformed by using a special thumb screw
threaded through the rear cover of the primary mirror mount (Figure 17).
These screws may be placed at various chosen positions to achieve different
deflection patterns on the mirror.

Up to 100 pounds of force may be applied to the back surface of the
mirror with a nylon tipped plunger. A controllable force is provided by the
compression of five Belleville spring washers that are stacked in series
and held together by a shim and retaining ring. The force magnitude is
monitored by slowly turning the screw clockwise and measuring the amount
of plunger movement with a caliper from the top of the thumb screw to the
top of the plunger. This measurement will indicate how much force is
actually pushing onthe mirror (2 pounds per 0.001 inch). This amount may
be calibrated before assembly by use of a force gauge and a caliper.

The NASTRAN structural analysis program was used to.predict
analytically the surface deformation characteristics of the HOLAB primary
mirror that result from a variety of static loading conditions. The mirror
was assumed to be in a three-point kinematic edge mount for the following
loading conditions:

1. One G LOS (line of sight) gravity load only (Figure 18)

2. Various combinations of localized LOS forces (Figures 19 through
29)with no gravity loads.

35




Figure 16. Primery mirror mount.

S BELLEVILLE
SPRING WASHERS

0.080 INCH MOVEMENT =
100 LBS FORCE ON MIRROR
{(MUST BE CALIBRATED BEFORE ASSEMBLY)

NYLON

RETAINING
RING

COVER 0.780 - 40 THD

PRIMARY
MIRROR SURFACE —

Figure 17. Primery mirror deformation device.
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Figure 20. Single-point intermediate loading, Case A.
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Figure 21. Single-point intermediate loading, Case B.
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Figure 23. Single-point intermediate loading, Case D.
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@ -LocaTionoF 118
LOCALIZED FORCE

MAXIMUM DEFLECTION
« 12,55 x 108 INCHES

& =LocaTioN OF 118
LOCALIZED FORCE

MAXIMUM DEFLECTION
=381 x 10% INCHES

Figure 29. Three-point edge loading.
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Fach adjacent contour on the computer drawn illustrations represents
a change of 1/15 of the maximum surface deflection. For a localized force
of X pounds, a maximum deflection of X times the states maximum deflection
can be assumed. Hence, to achieve a surface deflection of 100 microinches
(four waves at 0.6328 um) with a localized force located as illustrated in
Figure 21 would require:
100 x 1078

—z = 50 pounds of force
1.98 x 10

The vertex lens assembly is bonded to the back surface of the primary
mirror and protrudes through a hole in the center of same (Figure 16). The
entire assembly is adjustable radially £0. 020 inch and axially 0. 060 inch.

The aifapace between the two lens elements is adjustable 0. 060 inch.

Reference Flat. The reference flat mirror has been assembled in a mirror
mount procured from Daedal, Incorporated (Customized Model 2355), It has
a two-axis kinematic pivot adjustment with three-point orthogonal suspension.

Off-axis steering of the output beam from the beam expander is accomplished
by one-axis rotation of the reference beam laser, which is mounted on top
of the reference flat mount and moves in unison with it (Figures 30 and 31).

Collimating Lens Assembly. The collimating lens assembly consists of four
lens elements mounted in the same cell (Figure 32). The elements are held
in place by threaded retainers and separated by spacers.

The collimating lens assembly and steering mirror 3 (SM3) are
mounted on the same bracket that is mounted to NRC translation stages

(Figure 33). The steering mirror 3 (SM3) pivot axis is located at an image
of the primary mirror. The collimating lens can be adjusted in translation
in three orthcgonal directions.
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Figure 30. Reference bsam laser mounted on reference fiat (side view).
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Steering Mirror/Galvo Assembly. The three scanners are each assembled

on a Hughes-designed mount, These mocunts attach to an NRC (RSX-2) rota-
tional stage (Figure 34). The steering mirrors are cemented to a Hughes-
supplied mounting bracket that is secured to the scanner shaft by two set-

screws,

Detector Assembly. The sample beam detector and outgoing beam detector

are both to be mounted on separate Hughes -supplied boxes and both adapted
to an X, Y, Z translation stage from NRC (Figure 35). The detector
lenses with a focal length of 31.25 cm and appropriate lens cell weve pro-
cured from Klinger Scientific.
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2.3 SERVO AND CONTROLS DESIGN

2.3.1 Introduction

"The objective of the servo and controls effort has been the design,
fabrication, procurement, and integration of the system servo and sensor
electronics, Two axis, closed loop, automatic alignment of the sample beam
with respect to the reference laser beam and closed loop, automatic align-
ment in azimuth of the reference laser beam has been provided.

The servo and controls effort is discussed for three major areas: laser

sources, steering mirrors, and angle sensors.

2.3.2 Laser Sources

The HeNe laser sources are considered to be composed of pockel
electro-optic modulators, laser collimators with spatial filters, and the
lasers themselves, The first and most important is the laser itself. In
the selection of the reference and test lasers, several characteristics were
considered desirable. These included output power, stability, size, and
degree and type of polarization, Size was a critical parameter for the
reference laser because of its location atop the reference flat. The test
laser required a higher output power than the reference laser because of
greater optical transmission losses in its path. Linearly polarized laser
light was required for both the test and reference lasers to facilitate opera-
tion of the Pickels' electro-optic modulator., The lasers chosen met the
specifications given below:

1., Test Laser (Spectra Physics 120)

a. Wavelength: 632.8 nm
b. Output Power: 5 mW
c. Polarization: Linear, 1000:1
d. Dimensions: 470 x 83 x 80 mm (1 x w x h)
e. Output Beam Diameter: 0. 79 mm at 1/ el points
f. Long Term Power Drift: <5 percent
51
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The second element in the laser source is the Pockels' electro-optic

modulator,

produced in polarized light passing through certain uniaxial crystal materials,

Reference Laser (Spectra Physics 145P)

a. Wavelength: 632,8 nm

b. Output Power: 1.5 mW

c. Polarization: Linear, 500:1

d. Dimeénsions: 35 mm dia x 286 mm
e. Output Beam Diameter: 0.5 mmat1l/ ez points

f. Power Drift: %1,5 percent in 12 hours

The Pockels' electro-optic effect describes the phase changes

which are under the stress of anelectric field, The effect of a Pockels!

electro-optic modulator (EOM) on polarized light is similar to the effect

obtained with optical retarders such as 1/4 or 1/2 wave retardation plates.
A retardation plate, operating with light of a given wavelength, introduces a
fixed phase shift between the ordinary and extraordinary light rays passing

through the plate. The electric vectors of the light experience a rotation,

which is determined by the thickness of the plate and the birefringence of the
material. In an EOM; the value of the birefringence is controlled electron-

ically to produce a desired optical retardation. The three characteristics

that determined the selection of the particularly EOM were physical size,

quarter wave voltage, and linear aperture.

is desirable for ease of alignment. However, a large aperture requires an

undesirably large quarter wave voltage. Also, the length of the modulator

is inversely proportional to drive voltage.

length, voltage, and aperture size. An EOM of low voltage and moderate

length and aperture size was chosen. The modulators selected, Pockels'
Electro-Optic Modulator (l.asermetrics 3079F), met the following

specifications:
l. Linear Aperture: 2,25 mm
2, Extinction Ratio: 500:1
3. Quarter Wave Voltage: 100 volts at 632.8 nm
4, Dimensions: 40. 6 mm dia. x 127 mm long

52

In addition, a large linear aperture

Hence a tradeoff was made between
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The third and fourth elements of the laser sources, the spatial filter
and laser collimator, were combined because of the selection made. The
spatial filter is required to eliminate the unwanted intensity fluctuations
across the beam profile., These fluctuations are caused by interference
effects from light scattered by dust particles in the air and on the mirrors
and lenses and from lens defects. Focusing the laser light onto the focal
piane of a positive lens forms the optical power spectrum of the light dis-
tribution. Usually the higher frequency noise spectrum is separated from
the focused Gaussian; therefore, the unwanted light can be blocked and
desired Gaussian passed with a spatial filter. The pinhole spatial filters
required for the two laser collimators were determined in the following
manner, The diffraction limited spot size of a Gaussian beam truncated at its

l/ez points is

Ad
D = 1,83 f
for
A= 632,8 nm
= 3 mm (280-XX-075 entrance lens)
d=0.,75 mm

D= 4,63 x10'6m

A pinhole that would pass a beam of at least twice this diameter is desirable,

A 10 uym spatial filter was selected for both the reference and test beams.
Requirements for the selection of the laser collimator included

proper magnification ratio, builtin spatial filter, and optical performance

of A\/8 or better, The selected collimators had the following characteristics:

1, Test Laser Collimator (TROPEL 280-50-075)

a. Magnification: 66, 7X
b. Exit Aperture: 50 mm
c. Spatial Filter Pinhole: 10 yum
d. Optical Performance: \/8
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2. Reference Laser Collimator (TROPEL 280-25-075)

a. Magnification: 33.3X
b, Exit Aperture: 25 mm
c. Spatial Filter Pinhole: 10 ym
d. Optical Performance: A/8

To obtain a greater uniformity across the aperture of the test and
reference beams, the output beam diameters from the beam expanders are
larger than ultimately required. The predicted energy available to the
outgoing beam detector, the sample beam detector, and the interferogram
recording plane is given in Table 11. The alignment detectors require
between 10 and 100 pW for reliable operation,

2.3.3 Angle Sensors

The two HOLAB angle sensors each consist of focusing optics, a
photopot position detector, and signal processing electronics.

Each focusing system consists of a lens element with an effective
focal length of 31,25 cm. Viewed from beam expander output space. the
effective focal length seen by the sensor is 2,5 meters, The collimated and
modulated beams are focused on the photopot that measures beam position

in the focal plane, which is related to angular input to the sensor by Ax A6,

TABLE 11, DETECTOR AND INTERFEROGRAM PLANE
ENERGY LEVELS (IN pW)

Beam Detector
Interferogram
Beams Outgoing Sample Plane
Outgoing 47 - 42
Sample - 44 42
Interferometric - - 42
Reference
Reference - 44 -
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where Ax is focal plane displacement, f is the focal length and A8 is the
entrance angle., Beam position is insensitive to translations of the beam
at the entrance aperture to a first order.

United Detector Technology model SC-10D dual axis position
sensors are used as the detectors. They provide X and Y-axis position
information of a light spot on the detector surface, These devices sense
the centroid of the light spot and provide continuous analog output as the
light spot moves from null point to the limit of the active area. Output
current is proportional to the input beam position relative to each of the
device's four terminals., The signal is then preamplified and transmitted
to the processing electronics.

The preamplifier is a transconductance mode FET input operational

amplifier that converts the current signal into a voltage signal, Then the

signal is differentially sent to the signal processing electronics (Figure 36).

The two signals present on detector 1 (Figure 37), the reference beam and

the sample beam, can be separated electronically since they are modulated

at two different, nonharmonic frequencies, The signal processing elec-
tronics converts modulated beam position data into voltages corresponding
to beam position in orthogonal axes. These signals are used to control the
three galvo steering mirrors.

The noise limited angular resolutions in output space for the two
sensors are calculated below as noise equivalent angles (NEAs),

E

=N
R
- F \/.BLW l )
NEA = TBocs. Sens.) P 1 x ¥Fr, (radians)
INC * =+
where:
EN = 12 nV/VHz (preamp)

Pos, Sens. = 0.32 A/W-cm (position sensitivity)

BW = 60 Hz
EFL = 250 cm
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and the energy incident on the two detectors is:

pINC for sample beam = 44 yW
pINC for reference beam = 44 uWw
PINC for outgoing beam = 47 uW

Therefore,

83 nrad in output space

NEA (sample beam and reference beam)

69 nrad in output space

NEA (outgoing beam)

The detectors are protected against 60 Hz room lighting by electronic filter-
ing and a metal shroud over each detector,

The three galvanometer-drive, single axis, steering mirrors are
controlled by three channels of error signal from the alignment detector
signal processing (Figure 37). Steering mirror 1 is driven by the differ-
ence in X-axis position signals on detector 1 between the reference beam
spot and the sample beam spot. Steering mirror 2 is driven similarly by
the difference in Y-.axis position signals on detector 1 between the reference
and sample beams. Steering mirror 3 is driven by the X-axis position
signal on detector 1 of the reference beam. The signal processing is such
that the sample beam will track the reference beam. The signals from
detector 2 do not drive any steering mirrors and are only used to verify
the position of the retroreflected outgoing beam.

2.3.4 Steerigjg Mirror

General Scanning G300PDT optical scanners and drive electronics
were selected to perform the beam steering functions, These scanners
are capable of position loop bandwidths of 5 to 10 Hz with large mirrors
installed and have a position readout sensitivity of 1 second of arc, Their
drive electronics were modified so that they could be integrated with the
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detector signal processing. Scanner temperature regulation is controlled

to better than l/ZOC, which provides control over zero drift and gain drift

in the position loop mode.

The G-300 PDT scanners have a limit of 1000 gm-cm2 of inertia.

The inertia of the steering mirrors is given by:

- m 2 2
Ie— 12(31- + 4h")

where:
r=3.81cm
h=7.62cm/6=1.27 cm
Density of mirror = 2,2 gm/cm3
2
m = (n)(r) (h) (density of mirror) =
Therefore,

Ie = 530.8 gm-cmz

which is within the specifications of the scanner.
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SECTION I
HOLOGRAPHIC GRATING FABRICATION

3.1 INTRODUCTION

The grating is a shallow relief pattern, which is ion beam etched on
the gold surface of the primary mirror through a holographically exposed
photoresist mask. The grating pattern is a series of concentric grooves.
The grating spatial frequency that increases radially across the mirror sur-
face thereby provides on axis beam sampling with focusing power. Diffrac-
tion efficiency of the sampled beam is dependent on details within the grating
structure such as grating depth and profile, These parameters are subject
to the photoresist thickness, exposure energy, and ion beam etching. The
wavefront of the sampled beam is dependent on the global accuracy and
distribution of the grating spatial frequencies over the mirror surface. An
aberration correcting construction optics design is used, and the holographic
exposure system is meticulously aligned.

The fabrication of a holographic, beam sampling, surface grating on
the HOLAB 30 cm diameter, F/1.5, parabolic primary mirror consisted of
four subtasks: (1) gold deposition, (2) photoresist coating, (3) holographic-
exposure, and (4) ion beam etching.

The basic steps for fabricating the surface grating are shown in
Figure 38. The primary mirror blank is prepared with a reflective gold
coating (0.5 um thick). A Hughes proprietary buffer layer is applied over
the gold surface to attemiate reflected waves during exposure to optimize
the grating definition. The photoresist layer (0.4-0.5 um thick) is applied
using a dip-draining technique in which the exit flow from a deposition tank
containing the primary mirror is controlled to achieve uniformity. Proper
control of the exit flow rate is required to correct coating thickness varia-
tions caused by substrate curvature, contact angles, cross-sectional area,
and the height change of the photoresist level. The photo-sensitive resist
layer is exposed to the complex interference of the object and reference
beams of the aberration corrected construction optics design. This design
is necessary to reduce large amounts of aberration in the sampled beam
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Figure 38. Basic surface grating fabrication steps.

caused by the difference between construction (0.4131 ym) and use wavelengths
(0.6328 um). The holographic exposure system, using a krypton ion laser,
consists of construction optics and associated hardware assembled on a
granite optical table isolated from mechanical and atmospheric vibrations,

In addition, a real time fringe control system is used to ensure maximum
interference contrast during the exposure. After processing, a relief
photoresist grating is formed that exposes the gold surface., The final grating
is transferred into the gold surface by ion beam etching through the photo-
resist mask, Excess photoresist is removed before subsequent usage.

3.2 DIP DRAINING PHOTORESIST DEPOSITION

3.2.1 Concept

Spin coating is the conventional method of photoresist deposition on
small area flat substrates, The photoresist is deposited onto the substrate
and spun at very high rpm (3000) spreading the photoresist uniformly over
the surface, Because of the size and the angular velocity variation across
the mirror surface, this method is not feasible with large substrates. The
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dip draining photoresist deposition technique is a more complex coating
proczcss but is applicable to large area non-flat surfaces,

The dip draining photoresist deposition concept used for HOLAB
is shown in Figure 39. The basic flow equation governing the system,
neglecting frictional losses, is flow (Q) = velocity (V) x cross sectional
area (A). The velocity within the deposition tank corresponds to the vertical
coating rate. The cross sectional area is the area of the photoresist surface
minus the cross sectional area of the substrate. As the photoresist is drained
out of the deposition tank, the resist level decreases thereby coating the
substrate. The substrate coating rate is the velocity at which the resist
level travels across the substrate surface. Rapid cadting rates yield
thicker photoresist layers and slow coating rates yield thinner photoresist
layers.

Coating rate is a function of the photoresist viscosity, substrate
curvature, and cross sectional area. In addition to the coating rate, photo-
resist thickness is also a function of the contact angle (coating angle) because
of interaction of surface forces between the substrate and photoresist. To
achieve uniformity, a proper substrate coating rate, based on theoretical
and experimental datas, must be maintained. Stability is required to avoid
perturbation of the resist fluid during the coating process. A high level of

¢ VERTICAL
!
SUBSTRATE gg?;‘““
&) COATING
- RATE
Basic Flow Equation
| - BSTRATE Flow = Velogity x Ares
, U Q (Gslion/Minuts) = V (Inches/Minute) x A (Inches?)
- PHOTORESIST
EXIT e
FLOW
) RATE

{ Figure 39. Dip draining parameters. -
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‘ cleanliness is needed to minimize defects inthe photoresist layer and proper
'-(':-»1 venting prevents the resist vapor from attacking coated regions,

If the substrate is a flat optical surface with constant cross sectional
area, a fixed exit flow would provide the proper substrate coating rate., A
one-to-one relationship exists between the vertical and substrate coating

rate. Compensation is required only for variation in the vertical coating
rate because of potential energy loss as the resist level decreases. The
cross sectional area and contact angle are fixed.

For circular, curved substrates, the substrate coating rate changes
due to the curvature and cross sectional area of the substrate in addition to
the potential energy loss, Since the substrate coating varies even with con-
stant vertic.al coating rate, the exit flow rate must be altered during the
coating process to achieve the proper substrate coating rate, Furthermore,
the changing contact angle between the substrate tangent and the resist
level affects the photoresist layer thickness, This effect required experi-
ment investigation to determine the proper control required for a uniform

photoresist layer.

3,2,2 System Design, Fabrication, and Test

The dip draining system is shown in Figures 40 and 41. The
stainless stcel deposition tank is 6 by 18 by 20 inches high. The exit flow
of photoresist is monitored and corrected by a control subsystem, which
consists of a venturi, pressure transducer, feedback control electronics,
and an electro-pneumatic valve, The differential pressure at the venturi
is compared to a reference differential pressure setting, Difference betwenrn

the monitored and reference pressure causes the feedback control electronics

to generate an error correcting signal to the electro-pneumatic valve,
For stability, the deposition tank, venturi, and control valve are assembled
on a vibration isolation table, During the coating process, the photoresist
' is emptied into a ballast tank, Before recycling the resist to the deposition
tank, it is cleaned through a filtration subsystem. A cartridge filter with
1l ym pore size is used routinely. Increased cleanliness can be achieved
if a high particle retention disk filter with 0,2 um pore size is used, To
hd aid in drying and to prevent vapor attack of coated regions, a venting
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Figure 40. Dip draining photoresist deposition system schematic.

b) Filtration subsystem

Figure 41. HOLAB dip draining photoresist coating system hardware.
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subsystem provides mild suction through two vertical vent tubes along the side
walls of the photoresist deposition tank.

Because of the chemical makeup of photoresist and the need to use
acetone for cleaning, high corrosion resistance materials were selected for
fabricating the dip draining system. Stainless steel, glass, polyethylene,
polypropolyene, teflon and ethylene propylene rubber gaskets were used to
maintain a high integrity system,

The commercial photoresist utilized in the dip draining system is
Shipley 1350B. This resist is a solvent base solution that consists of n-butyl
acetate, cello-solve acetate, xylene, and proprietary solids, Its kinematic
viscosity is 4.5 centistokes. Because viscosity can affect photoresist thick-
ness, this characteristic is measured and corrected with photoresist thinner
frequently.

The maximum flow rate and photoresist thickness that can be achieved
are determined by the combination of the dimensions of the dip draining depo-
sition tank, the exit port diameter, and the maximum opening of the electro-
pneumatic valve, This maximum exit flow rate, Figure 42, is a function

13
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Figure 42. Photoresist exit flow rate variation in deposition tank.
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of the potential energy or height of the photoresist level. The measured
flow rates are 0.55 of theoretical calculated datas, which is attributed to
frictional loss at the 1 inch diameter exit port of the deposition tank. The
curve represents the maximum operating range of the dip draining system.
If the lowest point of the substrate is situated 3 inches above the exit port,
then the maximum vertical coating rate would be 0,43 inch/minute corre-
sponding to 0.2 gallons /minute exit flow rate. For all other regions of the
substrate, 0.43 inch/minute vertical coating rate would require less than
maximum valve opening. This coating rate is expected toincrease somewhat
because of the cross sectional area of the substrate, but the exit flow rate
will remain the same at each photoresist height level.

The venturi is fabricated from glass to a diameter ratio of 0,125
(1 to 0.125 inch). The flow through the venturi and the exit flow is dependent
on the differential pressure., Experimental and theoretical curves of the
pressure differential as a function of the exit flow rate are in close agree-
ment as shown in Figure 43. The pressure transducer has a maximum
reading of 1 psi with a sensitivity of 0.1 psi/volt. The electro-pneumatic
valve is current controlled (15-50 mA) and actuated by pneumatic pressure,
An electro-pneumatic valve was selected for its smooth actuation action to
avoid subtle disturbances that can be transmitted back into the deposition
tank.

The dip draining system was set for constant exit flow with a refer-
ence differential pressure of 0.2 psi that corresponds to a 0,25 inch/
minute vertical coating rate, The monitored differential pressure during
the test run is shown in Figure 44. The control subsystem could compen-
sate for the reduced photoresist level height by increasing the valve opening
over 17 inches of coating area.

In another test, preliminary photoresist coating thickness was
measured for a reference pressure differential of 0.3 psi corresponding to
a vertical coating rate of 0.44 inch/minute. Photoresist thickness measured
on flat (2 x 2 inches) samples were approximately 4400 A. This photoresist
thickness was sufficient to achieve the shallow ion beam etching depths

required for the beam sampling grating.
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3.2.3 Analysis of Photoresist Deposition on a 30 cm Diameter f/1.5
Parabolic Mirror

In a dip draining photoresist deposition system, the substrate is
oriented vertically within the photoresist deposition tank, As resist is
allowed to drain out, the level of the photoresist decreases thereby coating
the substrate. Thickness is a function of the substrate coating rate and
angle. With a fixed exit flow, this coating rate varies because of the sub-
strate curvature and cross sectional area. The variation can be computed
theoretically and the exit flow regulated to achieve a constant coating rate.
The coating angle of the substrate also varies due to surface curvature., Its
effect on photoresist thickness must be assessed experimentally to optimize
uniformity with a variable coating rate across the substrate surface.

The equation describing the surface of a 30 cm diameter parabolic
mirror with a focal length of 17.72 inches is xz + yz = 70.88 z where the
parabolic surface lies in the x-y plane with its center at the origin and the
optical axis along the z axis, Contact angle versus the substrate vertical
position along the y axis is shown in Figure 45. The contact angle is between
the substrate surface tangent and the normal to the photoresist level. The
contact angle increases from 0 degrees at the center toward 10 degrees at
the extremes of the substrate. Along a horizontal plane across the substrate,
the contact angle is constant, i..e. » 6= constant for all values of x.

Substrate curvature affects both coating rate and coating angle, The
substrate coating rate will always be higher or equal to the vertical coating
rate, the rate of change in the level of the photoresist within the deposition
tank, The ratio of the substrate coating rate to the vertical coating rate
(ds/dy) is plotted in Figure 46. At the center of the substrate, where the
surface tangent is vertical (0 degree contact angle), a one-to-one correspon-
dence exists between the vertical and substrate coating rate. With a constant
exit flow, the coating rate with respect to the center increases toward the
top and bottom of the substrate by 1. 014X.

68




adhanar dlE o an Sl e A

Y, INCHES

6 T 1 i T 1 T ) T IR
5 v SURFACE TANGENT -
4 - - -
X
3 -
2} /42 .
2 1} \<'PARABOLIC ..*
X SUBSTRATE
S o
> =1} -
2 -
-3 p— -
-4 <
—5 P -
-8 1 J IS U SR S GHN SN S S |

-12-10-8 6 4 -2 0 2 4 6 8 10 12
8, DEGREES

Figure 45. Contact Angle Variation for the HOLAB Mirror.

0 W

1 A
1.00 1.004 1.008 1.012 1.018
ds/dy

Figure 48. Variation in Substrate Coating Rate for Fixed
Vertical Rate.

69

bk A




Photoresist thickness is also affected by the variation in coating angle
act angle due to the substrate curvature, Different surface force dis-
n between the photoresist and the substrate is created for various
angles as evident by the change in the miniscus shape at the interface
ubstrate and photoresist, Photoresist thickness was obtained 'experi-
y as a function of contact angles and substrate coating rate, These

re used to determine the variable substrate coating rate profile

d to optimize photoresist thickness uniformity.

The horizontal cross sectional area of the parabolic substrate varies
iction of vertical height contributing to coating rate errors., From the
ow equation, with a constant exit flow, the vertical coating rate changes
ly to the cross sectional area of the photoresist surface area. The
sist surface area is maximum toward the top and bottom edge of the

te and minimum at the center where the substrate cross sectional area
:st. The change in substrate coating rate caused by the cross sec-
rea of the substrate, normalized to the central rate fo. a 2 inch thick

ic substrate, is shown in Figure 47. With a constant exit flow, the

Y, INCHES

1.00 0.90 0.80 0.70
c(s)
Figure 47. Variation in Substrate Cross Sectional Area.
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coating rate with respect to the center decreases toward the top and bottom of
the substrate by 0.812X.

The combined effect of substrate curvature and cross sectional area
on coating rate is given in Table 12. Coating rate increases toward the top
and bottomn of the substrate with respect to the center due to curvature.
Coating rate decreases toward the top and bottom with respect to the center
due to the substrate cross sectional area., More variation is attributed to
cross sectional area changes. Some balance exists when the combined effects
are multiplied. To achieve a uniform substrate coating rate, the exit flow
should start off 0.824X the central rate and gradually increase as the coat-
ing progresses toward the center and decreasing again toward the bottom,

The approach taken for coating the HOLAB primary mirror was to
use the control electronics to maintain a constant exit flow. The control
system then is greatly simplified since only one AP has to be maintained for
all h. The substrate was coated with a flow rate of 14 in3 /minute correspond-
ing to a AP of 0,045 psi, At the horizontal plane containing the vertex of the
primary mirror, the vertical coating rate is 0.177 inch/minute decreasing
to 0.141 inch/minute at the extremes of the primary mirror because of
increasing photoresist cross sectional area, The photoresist thickness pro-

file as a function of h, from coating rate analysis, is shown in Figure 48,

TABLE 12. VARIATION IN SUBSTRATE COATING RATE
WITH CONSTANT EXIT FLOW

Cross Sectional Area, Curvature,

Substrate C(S) d(S)/d(Y) C(S) x d(S)/4(Y,
*6 inch 0.812 1.0142 0.824
*5 0.921 1.009¢% 0.930
4 0.954 1.0063 0.960
%3 0.975 1.0036 0.979
*2 0.990 1.0016 0.992
%] 0.994 1.0004 0.994

0 1.000 1.0000 1,000
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Figure 48. Photoresist thickness profile on HC LAB primary mirror with
constant differential pressure {(AF') control.

The photoresist thickness is 2579°A at the center of the substrate, decreas-
ing over the top half of 2109°A, and increasing over the bottom half of the
substrate to 2753°A,

3.3 HOLOGRAPHIC EXPOSURE

3.3.1 Holographic Grating Construction Optics Design

The holographic grating construction optics for HOLAB are presented
in Figure 49. Points A and B are conjugate coherent laser beam point
sources necessary to form the interference pattern on the primary mirror.
The distances of these points from the mirror combine to define the hologram
focal length, Out of the infinite sets of conjugate distance pairs that give
tne desired focal length, there is one pair of conjugate distances such that

holographic grating formed provides minimal spherical aberration in the
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Figure 40. Holographic grating construction optics configuration.

playback sample beam; this pair is selected as the design starting point.
Spatial filter burn out and position sensitivity restrict the available laser
beam divergence to about F/10, whereas the required reference beam and
object beam divergence are F/5,7 and F/1.5, respectively., Thus beam
diverging lenses are used in both beams. The curvatures of these lenses
together with the conjugate point sources are optimized for minimum
spherical aberration of the sample beam. Construction optics sensitivities
are given in Tables 13 and 14.

As shown in Figure 49, the object beam goes through a positive two-
element beam diverger to produce the F/1.5 beam to illuminate the primary
mirror; the reference beam source is at a longer distance from the primary

mirror and passes through a single element beam expander to expand the
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TABLE 13. CONSTRUCTION OPTICS MANUFACTURING

SENSITIVITIES
Sample Beam Wavefront
Aberration (A = 0.6328 um)
Focal
Parameter Nominal Value Change Comatic(\) Spherical(\) Adjusthent’
Reference Beam 2. 956 in. 0. 003 in. 0.02 0.000 in.
Lens IA Radius 4. 690 in. +0, 005 in, 0.01 0,000 in,
Object Beam 3.712 in. +0. 004 in, 0.01 0.000 in.
Lens IB Radius 5.517 in. +0, 006 in. 0.02 0.000 in.
Object Beam 1. 605 in. 0, 002 in, 0.01 0.002 in.
Lens IB Radius 5.370 in. %0, 005 in. 0.01 0.000 in.
Reference Beam
Lens IA Thickness 0. 397 in. 40, 002 in. 0.00 0.000 in.
Object Beam 0.591 in. 20002 in. 0.00 0.000 in,
Lens IB Thickness
Object Beam 0.592 in. 20,002 in. 0.00 0.004 in
Lens IIB Thickness
Reference Beam 0 £0. 6 mrad 0.08 0.
Lens IA Wedge
Object Beam
Lens IB Wedge 0 %0, 6 mrad 0.31 0.
Object Beam
Lens IIB Wedge 0 +0. 6 mrad 0. 64 0.
Reference Beam
Lens IA Index 1.519 0. 001 0.03 0.001 in.
Object Beam
Lens IB Index 1.519 +0. 001 0.15 0.003 in,
Object Beam
Lens IB Index 1.519, %0, 001 0.27 0.007 in.
*Focus adjustment is perform~d by moving the collimating lens group axially along the optical axis
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TABLE 14, CONSTRUCTION OPTICS ALIGNMENT SENSITIVITIES
Sample Beam 'Vavefront
Aberration (A = 0.6328 um)
Focus
Parameter Nominal Value Change Comatici\) Spherical{\) Adjustment”
Reference Beam
Distance: Point 19.685 in. 0.010 in. 0,02 0.000 in,
Source to Lens [A
Reference Beam
Distance: Lens IA 0.010 in. 0.11 0.001 in.
to Primary Mirror
Object Beam
Distance: Point 9.843 in. 0.010 in. 0.00 0.000 in.
Source to Lens IB
Object Beam
Distance: Lens IB 0.020 0.001 in, 0.02 0.001 in.
to Lens ILIB
Object Beam
Distance: Lens LIB 0.010 in. 0.3t 0.013 in.
to Primary Mirror
Reference Beam o
Lens IA Tilt 0 0.5 mrad 0.01 0
Object Beam o
Lens IB Tilt 0 0.5 mrad 0.18 ]
Object Beam o
Lens LB Tilt (1] 0.5 mrad 0.31 0
Reference Beam R
Lens IA Decenter 0 0.001 in, 0.06 0
Object Beam .
Lens IB Decenter 0 0.001 in. 0.16 0
Object Beam .
Lens IIB Decenter 0 0.001 in. 0.57 0
Reference Beam
Decenter Relative 0 0.010 in, 0.10 0
to Primary Mirror
Object Beam
Decenter Relative 0 0.010 in, 6.33 0
to Primary Mirror
Primary Mirror 0 0.1 mrad 0.26 0

Tilt

‘Foc\u adjustment is performed by moving the collimating lens group axially along the

optical axis
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laser beam from F/10 to F/5.7. The linear dimensions from the laser beam
sources to the vertex of the primary mirror are 40.358 inches for the object
beam and 84.119 inches for the reference beam, For a compact optical
bench setup, the reference beam is folded by two plane-mirrors so that
thereference beam is parallel to the object beam with a separation of

19.284 inches. The folding mirror near the beam expander of the object
beam has a uole to let the object beam pass through. This configuration
minimizes obscuration difficulties. Furthermore, stops located at the
intermediate foci of the two beams can be used to minimize stray light (both
diffracted and scattered) that can cause spurious holograms to be recorded.
Because the object beam and the reference beam are colinear with the optizal
axis of the primary mirror, the design task is much simplified. The glasses
of the beam expander lenses were selected to be Schott BK7 because of its
high transmittance at the construction wavelength 413 nm, and no aspheric

glass surfaces were required.

3.3.2 Exposure Configuration

The HOLAB holographic grating recording system, aligned onto a
granite optical table, 72 by 144 by 18 inches thick, is shown in Figure 50. The
table, supported with low resonance frequency pneumatic mounts, is
decoupled from floor and building vibrations. Atmospheric disturbances
are attenuated with an acoustic shield enclosure around the perimeter of the
table. In addition, horizontal laminar flow within the room ensures environ-
mental cleanliness,

The substrate and the interfering wavefronts used to record a holo-
graphic beam sampling grating must remain stable to fractional wavelength
dimensions to optimize recording contrast. Similarly, in conventional
photography, the film and subject must remain still when the shutter is open
to avoid blurring. Interference instability can be caused by phase errors
due to construction optics and mount motions. A quarter wave motion on any
reflective optics would introduce a 180 degree phase error between the
construction wavefronts, causing corresponding maximum and minimum

interference locations to interchange. The result of this motion is reduced
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Figure 50. HOLAB holographic grating exposure system

contrast, non-uniformity and under-exposure. For the HOLAB recording,
the grating dimension at the edge of the substrate is approximately 1,5 um/
cycle. Thus the substrate must have in-plane stability to a fraction of

this feature size.

To ensure maximum recording grating contrast, the stability of
optical mounts within the recording system is interrogated and confirmed by
interferometric testing of each mount for positional stability. Residual
phase shift, caused by acoustical perturbations and slow mirror and mount
expansions, is compensated via an electronic feedback fringe control sys-
tem that detects and corrects phase errors in real time during exposure.
The electronic controller works in conjunction with an interferometer that

monitors the relative phase difference between a small segment of the
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construction wavefronts near the exposure plane. Errors are corrected by
modulating a piezoelectrical translator within one of the construction beams
to stabilize the recording fringes at the exposure plane.

The 0.4131 pm wavelength output from a Spectra-Physics Model 171-
01 Krypton Ion laser is used to expose the photoresist. At the recording
0.4131 ym wavelength, the optimized TEM _ mode output is 1.45 watts.

The temperature stabilized etalon reduces this output to 1 watt at single
frequency operation where coherence length is >1 km,

Meticulous alignment of construction optics is required to avoid
introducing additional aberration in the sampled beam upon playback at
the 0.6328 ym wavelength, Conventional tools, theodolite, and gauge rods,
were used to align the construction optics to set their separation, lateral
displacement, and tilt to the tolerance established by the grating design. An
alignment fixture, installed in the central hole and aligned to the optical
axis of the primary mirror, aided in aligning the substrate with respect
to the construction optics. The optical axis of the recording system was
10 inches above the table surface,

Before exposure, the two paths of the construction optics are
adjusted radiometrically so that each path provides equal irradiance at the
primary mirror. Adjustments to the optical elements before the spatial
filters are used to provide adequate irradiance uniformity over the primary
mirror aperture, Construction optics are carefully cleaned. A high degree
of cleanliness is required on the construction optics, lenses, and mirrors
to minimize spurious groove structures due to diffraction from contaminants,

Test exposures were performed with 2 by 3 inch flat substrates.
These substrates were deposited with gold and a proprietary buffer coating
to eliminate standing waves for improved grating definition, The substrates
were then coated in the dip drain photoresist deposition system with a 22004
layer of 1350B photoresist. The photoresist was then baked at 60°C for
two hours to remove excess solvents. The photoresist was exposed to the
holographic interference in the recording system, After exposure, the
samples were processed in AZ developer for 2 minutes. The developer
removes photoresist in high exposure regions; a relief photoresist grating
structure is left on the metal surface for subsequent ion beam etch transfer
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of the grooves to the gold surface. After development, the samples were
" rinsed for 10 minutes in de-ionized H,O and nitrogen dried.

Results of the test substrate exposures from SEM interrogation are

given below:

2.63 mj/cmZ severely underexposed
4,29 mj/c:m2 considerably underexposed
5.90 mj/c:mZ moderately underexposed
8.00 mj/cm2 0. 62 duty cycle
10.00 mj/cmz 0.50 duty cycle
2

13,35 mj/em 0. 41 duty cycle

The test exposures provided the exposure energy calibration required
for complete removal of photorésist at the bottom of the grating structure
with a duty cycle of approximately 0.4 as specified by the efficiency design
for a nominal 10 percent diffraction efficiency. In addition, the test expo-
sures confirmed adequate stability of the recording system for producing
submicron dimension groove spacing and verify proper beam ratios, beam
uniformity, and laser stability,

3.4 ION BEAM ETCHING

The holographically exposed photoresist grating on the evaporated
gold surface of the HOLAB parabolic primary mirror is a mask for ion
beam etching that transfers the grating into the metal surface. This process
produces the ultimate depth and delineation of the grating on the mirror
surface,

An in-house dc ion beam source, 0.5 ¢cm, Veecos Microetch, Fig-
ure 51, was used. Since the uniform beam yielded by this source is only
2 inches in diameter at about 4 inches from the grid exit of the source, the
' substrate must be moved approximately 12 inches further away, At this

distance the less intense, divergent beam expands the uniform beam density
pattern to approximately 4 inches in diameter and falls off only slightly at
» about 6 inches diameter. With the same power and pressure settings on the
- source, this beam pattern is better than 90 percent repeatable.
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Figure 51. lon beam etching system used for HOLAB.

The mirror to be etched was placed on a rotary table at this pre-
calibrated distance from the source and rotated uniformly underneath at
stationary, shaped aperture. The aperture is preshaped, and only a radial
section of the mirror is opened to the beam. This opening is wedge shaped;
the inside width to the outside width of the aperture is a very rough propor-
tion of the inner hole circumference to the outer circumference of the
mirror, Several calibration runs were made with samples, and the aper-
ture is reshaped between each test run until a uniform depth i~ obtained
across the aperture required for the mirror. These trial runs also provided

an accurate etching rate for the gold surface,
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During the ion beam etching of the HOLAB mirror, monitors were
placed at the circumference of the inner hole and at the outside circumference
of the primary mirror. These monitors provided a measure of the etching
rate as well as confirming the final grating depth, After an etch depth of
5324 was measured on monitor samples, the photoresist pattern was chemi-
cally stripped off the mirror. The substrate was then reinserted into the
Microetch system and the 1004 of proprietary buffer layer, used for standing

wave reduction during the holographic exposure, was etched cff.

3.5 THE HOLAB GRATING FABRICATION EXPERIENCE

After optimization and calibration of the various fabrication steps, the
beam sampling grating fabrication effort for the HOLAB, 30 cm diameter,
F/1.5 parabolic primary mirror was initiated, Optical coatings on the sub-
strate were deposited via EB evaporation. The coatings consisted of 0.5 um
of gold overcoated with an antireflection buffer layer for standing wave
reduction to improve grating definition. The nominal photoresist coating
thickness, applied by dip-draining, was 24314 + 3224, After coating, the
photoresist was baked at 60°C for 2 hours. The Krypton ion laser with
0.6 watt output at 0.4131 um wavelength was used for holographically expos-
ing the grating inthe photoresist film, Irradiance uniformity was 10 percent
with a beam ratio of 1.26 (recording contrast greater than 99 percent). Expo-
sure time for 14 m.‘]'/cm2 energy density was 35 minutes and 34 seconds.
Following exposure, the photoresist was developed in AZ developer for
2 minutes at 20°C, rinsed in deionized water and dried. The ion beam
etching depth was calibrated at 5304 =10 percent,

Before the HOLAB grating was fabricated, a 30 cm diameter,

F /2.0 sprerical mirror was coated and exposed with 10 mJ/cmz. After
subsequent development, the grating seemed to be underexposed, It was
decided to continue the HOLAB grating fabrication, however, the exposure
energy was adjusted. In retrospect, the failure of this attempt probably

was caused by the differing reflectivity fromthe substrate surface (com-
pared to subscale calibration samples) that could have been caused by differ-

ences in the antireflection buffer coating or the commercial gold aonating,
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Increased reflectivity would cause standing waves formation parallel to the
substrate. Subsequent development was retarded because of the stepwise
removal of photoresist through high and low standing wave nodal exposure
energy planes.

The first grating fabrication attempt with the HOLAB primary mirror
was exposed with an increased 15 m.]’/cm2 energy. During development, the
resist grating completely washed off in the developer in a very short time.
Then the substrate was cleaned chemically and within an oxygen plasma, A
second attempt, using a lower 10 mJ /cm? of exposure energy, exhibited
similar problems.

Radiometric recalibration of the exposure energy was done by expos-
ing the primary mirror substrate in four segments with 4, 8, 12, and
16 mJ/cm” of exposure energy. After development under microscopic
inspection, the cause of the photoresist grating wash off was attributed to
adhesion failure due to surface contamination of the upper optical coating.

In underexposed regions, where the resist grating did not break through to
the substrate optical coating, the photoresist remained intact. When the
resist grating broke through to the substrate optical coating with increased
exposure, the photoresist washed off during development because of reduced
contact area between the photoresist and the substrate. The duty cycle deter-
mined from small remaining areas of gratings on the substrate within the
four segments confirmed previously calibration data from subscale samples.

In an attempt to remove the unidentified surface contaminant, an
in-house RF sputter system was used to etch a small amount of material
from the top optical coating. Using an exposure energy of 14 mJ’/cmZ, cca-
siderable improvement over previous results was noted. The wash off of
the photoresist grating occurred after a longer period within the developer.
and an increased area of grating adhered to the substrate. A second attempt
using this cleaning method improved grating achesion such that only a small

segment of the 30 cm diameter grating aperture exhibited failure.
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Because the cleaning processes were not uniform, the optical coat-
ings were noticeably affected. The inner radial region was completely

stripped of the buffer coating by the oxygen plasma system thereby exposing
the gold. Since etching within the RF sputter system was preferential

toward the outer radial region, the antireflection buffer layer was cornpletely
removed and fresh coatings were evaporated again over the gold, The buffer
was removed by ion beam etching within the Veeco-Microetch system, which
was calibrated for uniform etching of the grating into the gold surface of

the substrate.

An antireflection buffer coating was reevaporated onto the gold. Then
with fabrication conditions that were similar to that used in previous trials,
and determined by subscale calibration samples, this attempt was success-
ful, The photoresist was exposed with 14 mJ/cm"™ of energy. Under micro=-
scopic inspection, the duty cycle was approximately 0.45 to 0,55, Grating
periods ranged from approximately 1.5 to 10 um per cycle. In addition, the
effectiveness of the antireflection buffer layer produced very high grating
edge acuity.

The grating was then ion beam etched into the gold surface to a depth
of 530A for a nominal 10 percent diffraction efficiency at the 0,6328 um wave-
length of the probe (HeNe) bearn. The excess photoresist was removed
chemically, and the substrate was exposed to the ion beam. Then the
residue buffer coating previously masked by the photoresist grating was
removed., The primary mirror was then installed within a mounting
fixture for the HOLAB breadboard.

3.6  HOLOGRAPHIC GRATING PERFORMANCE

3.6.1 Diffraction Analysis

The diffraction efficiency of the primary mirror holographic grating
has been calculated, as a function of radial positionfor s and p polarized
light, for A = 0,6328 p. The groove model assumes the geometry shown
in Figure 52. The inputs to the calculation included the grating frequency
(related to the linewidth, D) and incident and diffracted angles as a function
of radial position. A plot of the grating frequency versus radius is presented

in Figure 53. The diffraction efficiency of the sample beam (-1 order) and
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the outgoing beam (zero order) as a function of radial position for s and p 4

:ll? polarisations is presented in Table 15. The diffraction efficiencies of both .
polarizations are seen to be quite uniform over the entire aperture. The F—
diffraction efficiency of the outgoing beam (zero order) for incident light .
with A = 2. 7 um is presented in Table 16. The outgoing beam at A = 2.7 pm
loses 2 to 5 percent and 1 to 3 percent of the incident energy contained in s
and p polarisations, respectively. The diffracted angle and diffraction effi- —
ciency as a function of diffraction order at a radius of 10 cm is presented in
Table 17. The table shows that the +1 order also has a high diffraction
efficiency but that the direction of this order is far removed from the

«] order. . 4
. ]
TABLE 15. THEORETICAL DIFFRACTION EFFICIENCIES AS "'.?_-23

A FUNCTION OF APERTURE LOCATION (A =0.6328 um) r“‘i

Diffraction Efficiency (in percent)

erture -1 order 0 order
Radius (cm) TE I ™ TE ™ r“'*
4 9.5851 9.4563 | 76,835 75.694 ]
5 9.6178 9.4109 77.201 75.750 ]
6 9, 6442 9,7105 77.558 75. 111 =
7 9.6558 9.6069 77.919 75.081
8 9,7088 9.6284 78.275 75.941
9 9,7362 9. 9069 78.668 74, 205
, 10 9.7019 10, 141 78,971 75.793 e
& 1 9.6933 10, 245 79.321 74.579 '
B 12 9.7393 10, 671 79.842 71.558 L
2 13 9.8129 9. 5029 80, 132 77.052 o]
;; 14 9. 8271 9, 8529 80. 394 76.617 ;rﬁ
F: 15 9, 8272 10, 048 80. 681 75.985 -
=
o ’
- 8s -
-

------------------------------
..................
...........
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TABLE 16. DIFFRACTION EFFICIENCY OF THE OUTGOING
BEAM (ZERO ORDER) AS A FUNCTION OF RADIAL
POSITION (A= 2.7 pm) -
Diffraction Efficiency (Zero Order) .
Radius in Percent ;
in cm s P L
m R
15 97. 33 99.01 —
14 97.87 98.93 -
13 94. 44 98. 36 s
12 95,55 98.07 ]
11 96. 06 97. 86 :
10 96, 38 97.70
9 96. 64 97.57 o
8 96. 45 97. 44 )
7 96. 38 97.33 "
6 96. 62 97. 22 L
5 96. 22 97.06 -
3.6.2 Diffraction Uniformity Measurement m
Introduction. In an effort to characterize the HOLAB holographic grating, the 4
relative efficiency of the HOLAB grating was measured over most of its
aperture. Any large variation in efficiency could exercise the automatic s
gain control on each aperture of a typical Hartmann-type wavefront sensor, -
Potentially pointing errors caused by any small nonlinearities present in D
the system could be produced. L]
g —
Method. Efficiency measurements were made by masking off all but a i
ﬁ» 0.25 inch diameter portion of the HOLAB input beam. This size was chosen g
o to closely simulate the relative portion of the aperture that would be seen by .
- an individual sub-aperture of a typical wavefront sensor. The test geometry -
’,‘i';I is shown in Figure 54. An aluminum plate with a 0,25 inch diameter “
E perforation was mounted in the path of the input laser beam at '"M" in the B
N figure. The energy transmitted by the aperture was measured at locations , 4
| -
B 86 n
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TABLE 17. DIFFRACTION ANGLE AND EFFICIENCY AS A FUNCTION
OF DIFFRACTION ORDER (A= 0.6328 um, RADIUS = 10 cm)

Diffraction Efficiency
(in percent)

- vy
RO |
. e .

*Diffraction Angle
in Degrees (]

h -4 -53,53 1.56 0.23
-3 | -35,13 0.68 0. 64
-2 -20, 30 1.23 0.45
- 6.79 10. 15 9.72

6. 34 76.15 78. 81
19,82 8.76 9. 27
34,59 1.05 0.38
52,78 0.46 0.51

“ ,..,.
5607 woreat
s

-
W N o~ O
d g

ARACHS § J';:',"';_‘"a

*Sign Convention

sin¢y = sin,‘in +-%)3

B
[Py

{
-
!! b4 diffracted angle ")

t ®n = incident angle

F A = wavelength v

D = line width

n = integer

87

.f
2




...................

[ )

o + EXPAN.

OUTGOING BEAMY / REFERENCE i

FLAT
SAMPLE
- faeam SECONDARY MIRROR
CORNER . X
cuse FOLDING FLAT L~ COLLIMATING LENS

SAMPLE BEAM T
) ™3 DETECTOR —

VERTEX LENS P/ 8s4 oLt f SAMPLE S .g

AND ST ~ - SEAM
o sToP CONTROLS

. - .
PRIMARY """ | SM1, SM2

MIRROR oL2

- -
= Lo

I ‘ 1 ™ g OUTGOING Y
J! ™ ® SEAM P
L~ M2 as 8s2 DETECTOR
B BEAM TEST BEAM

?,-:;: TRANSLATION MIRROR \ @ :“”i:;m
: aT™
M1

233 INTERFEROMETRIC
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;S Figure 54. HOLAB messurement schematic.
"A" and "B" by a UDT power meter and the values were recorded. Then the
X aperture was moved to various positions in the beam by an x-y translation

stage, and the procedure was repeated.

Results, As indicated in Figure 55, valid data points were recorded over =
the surface of the grating. The location of each data point and the power - A
values recorded appear in Table 18, along with the calculated efficiency, o
and the scaled efficiency, k¢, reflecting the additional losses incurred in y
the beamsplitters and optical components other than the grating.
The grating was very uniform, with the absolute efficiency of all

measurements lying between 7 and 8 percent., The average efficiency was
7.4 percent with an RMS deviation for each point of 0.2 percent, The final v

three data points appear to differ significantly from the average value and
may represent a ""hot spot'' on the grating. If these points ate eliminated
from the computation, an average efficiency of 7.33 percent with an RMS
deviation of 0.13 percent is computed frorn the remaining data, indicating
a very uniform grating over most of the aperture.
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TABLE 18. EFFICIENCY DATA

x(mm) | ymm) | PypW) | Pouuw) %) | ke =

1 17. 47 0.8 40.6 0.71 1.76 | 7.13

2 11. 60 0.8 66. 8 1.23 1.8¢ | 7.45

3 11. 60 7.1 55. 4 1.02 1.8¢ | 7.45

4 11. 60 11.0 40.7 0.73 1.79 | 7.25

5 11. 60 -5.6 64.9 1.19 1.83 | 7.41

6 8.25 7.1 63.3 1.13 1.79 | 7.25

7 8. 25 13.0 40.7 0.73 1.80 | 7.29

8 8. 25 13.0 42.8 0.79 1.85 | 7.49

9 8.25 7.1 65. 8 1.18 1.79 | 7.25

10 2.25 | -11.9 68. 7 1.25 1.82 | 7.37

11 2.25 8. 4 49.8 0.88 .77 | 7.17

12 2.25 13. 5 36. 4 0. 66 1.82 | 7.37

13 -3.75 13. 5 23. 4 0.41 1.75 | 7.09

14 -3.75 7.1 37.7 0.67 .77 | 7.19

15 -3.75 | -11.9 50. 0 0.93 1.86 | 17.55

" 16 -9.75 -5.6 33.5 0.62 1.85 7.48

i 17 -9.75 0.8 30. 5 0.56 1.80 | 7.29

o 18 -9.75 7.1 22.1 0. 40 1.80 | 7.28

Eﬂ 19 -9.75 11.0 16.9 0. 31 1.82 | 7.37

= 20 -11.87 10.2 14.4 0.26 1.82 7.36

. 21 | -11.87 6.3 18. 1 0.32 1.78 7.19

= 22 | -11.87 0.0 22.1 0. 41 1.87 7.5"

bd 23 | -14.9 0.0 9.8 0.19 1.93 | 7.81

o 2¢ | -11.87 -6.4 19.9 0.39 1.96 | 7.93

g 25 | -13.6 -7.6 11.9 0.23 1.93 | 7.82
=
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The measurement error is estimated to be 0.1 percent in relative
efficiency, based on the repeatability of the power measurements made,
The error in absolute efficiency may be as high as 20 percent relative to
the measured efficiency, due to the estimate of the required optical trans-
mission. This error is identical for each measurement and reflects only
on the uncertainty on the scaling factor "'k'' used to relate measured efficiency
to absolute efficiency of the grating.

The data points are plotted in Figure 56, grouped into sets of
points with similar y-positions, The grating efficiency over the entire
aperture is plotted in Figure 57, illustrating the '"hot spot' in the lower
left-hand corner of the grating, as well as the general center to edge uni-
formity variation.

Conclusions. The HOLAB grating was very uniform in diffraction efficiency

over its clear aperture. The measured RMS nonuniformity is well within

the linear range of a typical wavefront sensor AGC. Only one area on the
grating departed significantly from the average efficiency, and this departure
of 0.5 percent absolute (7 percent relative) is small compared to the error
budgeted for nonuniformity in fabrication. The remaining variations indicate
a general trend of lower efficiency near the center; however, no statistically

" significant correlation could be found.
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Figure 58. Grating efficiency messurements.
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SECTION 1V
LXPERIMENTAL RESULTS

4.1 EXPERIMENTAL PROCEDURES

:'.-; Following preliminary alignment and checkout procedures, the HOLAB
Breadboard was exercised to determine the operational performance of the
F holographic beam-sampling technique with the following perturbations: o

1. One-axis manual off-axis steering of the beam expander
2. Manual defocus of the secondary mirror v
3. Manual decenter of the secondary mirror, and e
4. Deformation of the primary mirror substrate.

One-axis, manual, off-axis steering of the output beam from the
HOLAB beam expander is accomplished by one-axis rotation of the reference

g o ) ey RieA
e x',;r Ll - . A0
et tie s T Tale .. e~

beam laser, which is mounted to the reference flat and moves in unison with

it. Rotations of the reference flat assembly maintain the alignment of the

AN

reference beam with respect to the reference flat, but cause rotations of the

reference beam with respect to the optical axis of the beamn expander. T
Secondary mirror defocus is accomplished by translation of the secondary :,4
mirror parallel to the optical axis of the primary mirror. Secondary mirror
decenter is accomplished by translation of the secondary mirror perpendicu-

lat to the optical axis of the primary mirror. Deformations are induced in

the primary mirror optical surface by mechanical force loads applied to the e

back surface of the primary mirror. ~
During breadboard testing, perturbations may change the pointing

direction of the sample beam relative to the pointing direction of the refer-

PPN YN

mirrors SM1, SM2, and SM3 to drive the centroids of the focused sample

p

L

7 ence beam. Closed-loop operation of the test breadboard will cause steering ol
Y

3 beam and reference beam to be coincident and centered on the sample beam

‘e detector. Vo
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Any change in direction of the outgoing beam relative to the unperturbed

condition is measured by use of a photopot detector placed in the focal

plane of detector lens DL2 as shown in Figure 58. The measurement is made

from the outgoing beam, which is retroreflected ffom the reference flat,
travels on a return path through the beam expander, steering mirrors and
beam translation mirror, and is then partially reflected at beamsplitter BS2,
Interferograms are taken to measure the effect of system perturba-
tions on 6utgoing beam and sample beam wavefront quality. Outgoing beam
interferometric measurements are made by photographically recording the
interference of the retroreflected output beam and an interferometric refer-
ence beam. The interferometric reference beam is derived from the test
beam laser through use of beamsplitter BS2. To obtain high contrast inter-
ference fringes at the interferometric test area, the intensities of the two

beams were made to be approximately equal through a suitable choice of the

— nn:enc,z’ oEAM
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Figure 8. HOLAB optical schematic.
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beamsplitting ratios for BS1, BS2, and BS3. In addition, the path lengths of
the two beams were made approximately equal to ensure a high degree of
coherence between the two beams, enabling high contrast fringes to be
formed. .

Sample beam interferometric measurements are similarly made by
photographically recording the interference of the sample beam and the
interferometric reference for the sample beam, with the outgoing beam
blocked or beamsplitter BS1 removed from the breadboard. Comparisons
of the sample and outgoing beam wavefronts are made by computerized data
analysis of the interferogram.

Thus, the experimental breadboard measures the ability of the holo-
graphic grating beam sampling technique to determine the outgo.ing beam
direction and wavefront quality for a large aperture beam expander for a

variety of different system perturbations and for a range of perturbation

o M e a v va Aa .

magnitudes.

4.2 WAVEFRONT QUALITY MEASUREMENTS

Interferograms were taken to determine effects on wavefront quality
of the outgoing and sample beams for a variety of differert system perturba-
tions and for a range of perturbation magnitudes. The interferograms were ﬁ
taken with a camera located at the interferometric test area as indicated in i
the HOLAB optical schematic in Figure 58. Additional optical components ,
used for taking output beam interferograms only are shown in Figure 59. .
Adding the lens and folding mirror just before the interferometric test area =
provides two advantages. First, the primary mirror aperture is reimaged
v by the lens on the film plane; thereby providing interferograms with better )
& definition near the edge of the aperture. Secondly, the mirror corrects a
[ reversion which would otherwise exist between the output beam and sample
_ beam data. The output beam and sample beam interferograms included in
. this report correspond directly (i. e., the left side of the aperture is on the ]
| left side of the photo in both the output beam and sample beam interfero-
- grams) when the photos are oriented such that the strut shadows are in the

lower portion of the photo.
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Figure 68. Modifications for output beam interferograms.

Note that the output wavefront is autocollimated back through the
beam expander to the interferometric station. This double-pass configura-
tion produces a phase error in the recorded output wavefront interferogram
which is twice that existing in the true output wavefront. This doubling
effect has been taken into account in the data reduction of the outgoing beam
interferograms.

4.2.1 Nominal System

Interferograms of the output beam of the aligned HOLAB breadboard are
shown in Figure 60. The interferograms in Figure 61 are of the zample beam
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Figure 60. Nominal system output beam interferograms (double pass).

Figure 61. Nominal system sample beam inter




of the nominal unperturbed HOLAB breadboard. The two dark radial lines in
these and all the other interferograms are the shadows of the struts that sup-
port the folding flat mirror. The interferograms have been arranged such
that the strut shadows, which are in the lower portion of the aperture, are

in the lower portion of the photo.

Interferograms of the HOLAB beam expander optical components
werz provided by the optical vendor. Two orthogonal fringe orientation
interferograms for the primary mirror are presented in Figure 62. The
variations from straight, uniformly spaced fringes indicate departures from
the ideal paraboloidal optical figure. In the double-pass interferometric
test configuration used, a spacing variation of one fringe represents a pri-
mary mirror surface figure departure of 1/4 (0.6328) = 0.16 micrometer.

Two orthogonal fringe orientation interferograms for the primary
and secondary mirror used together in a beam expander configuration are
shown in Figure 63. In the double-pass interferometric test configuration
used, a spacing variation of one fringe is twice the single pass wavefront

departure at the test wavelength of 0. 6328 micrometer.

Figure 62. Primary mirror interferograms.
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Figure 63. Beam expander interferograms.

The interferograms of Figures 61, 62, and 63 were measured for
their departure from an ideal wavefront. The measurements are tabulated

in Table 19. The wavefront produced by the primary mirror is dominated

TABLE 19. SYSTEM WAVEFRONT ERRORS;
DEPARTURES FROM IDEAL WAVEFRONTS

Wavefront Error
(Peak-to-Valley, Single-Pass
at A= 0.6328 um)
Wavefront Desired Measured
Primary Mirror =\/4 0.50\
(0. 08BN RMS)
Primary + Secondary <\/2 0.64\
Mirror (0. 13X RMS)
Breadboard Output <(3/4)\ 0.79)
Beam (0. 18X RMS)
Breadboard Sample <1\ 2.22\
Beam (0. 46X RMS)
. -
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by several zonal optical figuring errors near the outside edge. The measured .

breadboard output beam wavefront is approximately that of the desired value.
waever, the breadl?oard sample beam wavefront is slightly more than twice
that which is desired. The fan- shaped interference fringes indicate that the
dominant sample beam wavefront error is astigmatic in character. Time
and resources did not permit determining whether this error was due to
fabrication, alignment, or mounting errors either before or after the pro-
duction of the holographic grating on the primary mirror surface.

The breadboard was then utilized to obtain the following data on sys-
tem performance with various system perturbations.

4.2.2 Focus Effects

Output beam and sample beam interferograms of focus effects pro-
duced by longitudinal translation of the secondary mirror and collimating
lens relative to the primary mirror are shown in Figure 64, The top and
third rows of photos in Figure 64 are interferograms produced by a longi-
tudinal translation of only the secondary mirror in the direction away from
the primary mirror. The second and fourth rows of photos are interfero-
grams produced by longitudinal translation of both the secondary mirror and
the collimating lens as a unit. If the collimating lens moves with the sec-
ondary mirror, the curvature of the sample beam wavefront is increased.

The effect on the sample beam wavefront when the collimating lens
is longitudinally translated independently from the secondary mirror is
demonstrated in Figure 65. These interferograms vividly point out the
necessity for a rigid positioning relationship between the secondary mirror
and the collimating lens. Otherwise, if the collimating lens were to trans-
late independently, focus information would be contained in the sample beam
wavefront which would be independent of that in the output beam,

The measured focus error of the breadboard outgoing beam and
sample beam which is produced by motion of the secondary mirror along
with the system optical axis is plotted in Figure 66. Clearly, a close cor-
respondence exists between measured and predicted performance.
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Figure 64, Secondary m ind collimating lens focus effects
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The measured focus error of the breadboard outgoing beam and Iﬂ;
sample beam which is produced by the secondary mirror and collimating
lens moving together along the system optical axis is plotted in Figure 67. o
The motion of the collimating lens introduces additional wavefront curvature I'-LL_
,_._ into the sample beam. Therefore, this additional instrumental error would L,.'
L require proper processing to correctly relate sample beam focus error to
3 outgoing beam focus error,
. 4.2.3 Dacenter Effects '
i Beam expander misalignments produced by lateral translation of the . ]
secondary mirror and collimating lens and their effects on the output and
sample beams are shown in Figures 68 and 69. The bottom row of 3
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Figure 68. Secondary mirror and collimating lens
lateral translation effects,
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photographs in each figure shows the effect on wavefront of lateral translation
of both the secondary and collimating lens as a unit,

' The effect on the sample beam wavefront when the collimating lens is
laterally translated independently from the secondary mirror is shown in
Figure 70. The results confirm the system requirement that the collimating
lens and secondary mirror not independently translate laterally.

The measured coma error of the breadboard outgoing beam and
sample beam which is produced by motion of the secondary mirror trans-
verse to the system optical axis is plotted in Figure 71, Close correspon-
dence between measured and predicted performance is demonstrated.

The measured coma error of the breadboard outgoing beam and
sample beam which is produced by the secondary mirror and collimating lens
moving together transverse to the system optical axis is plotted in Figure 72.
The motion of the collimating lens introduces additional wavefront coma
error into the sample beam. Therefore, this additional instrumental error
would require proper processing to correctly relate sample beam coma error
to outgoing beam coma error. However, a null-seeking system at the zero
or minimum wavefront coma measurement position would properly correct
any lateral displacement of the secondary mirror-collimating lens
combination,

The measured coma error of the breadboard sample beam which is
produced by the collimating lens alone moving transversely to the system
optical axis is plotted in Figure 73. Again, a close correspondence between
the measured results and predictions is shown.

4.2, 4 Off- Axis Steerquffectc

Interferogram effects produced by off-axis pointing of the output beam
of the beam expander, and hence the sample beam, are shown in Figure 74.
The HOLAB breadboard holographic sampling grating and collimating lens
combination were designed to produce minimal sample beam wavefront phase
error (<0.23 micrometer peak-to-valley) for off- axis pointing angles as large
as 2 milliradians. Data in Figure 74 for off-axis output pointing angles of
0, 1, and 2 milliradians show only small changes in the oucput and sample
beam wavefronts as expected.
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Figure 74. Beam expander off -axis steering effects
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The measured wavefront error of the breadboard outgoing beam and
sample beam which is produced by off-axis pointing is plotted in Figure 75.

4,2.5 Substrate Deformation Effects

The effect on the output beam and sample beam wavefronts when the
primary mirror substrate is deformed is shown in Figure 76. The technique
used for deforming the mirror substrate is basically a pusher screw threaded
through the back of the mirror cell. The screws then push on the back sur-
face of the primary mirror in 8 single or multiplicity of locations. A deforma-
tion of the primary mirror substrate, and hence the holographic grating
surface, results. The configuration of the deformation pressure points are
given in Figure 77,
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Figure 78. Off-anis stesring effects
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Figure 76. Primary mirror substrat formation eff




NOTE: VIEW AS PACING PRIMARY MIRROR OPTICAL BURPACE
Figure 77. Primery mirror deformation devios locetions.

The interferograms of Figure 76 show that the sample beam has the
same basic deformation profile as that of the output beam, as expected. The
output beam interferograms contain twice as many fringes due to the double-
pass configuration of the experiment.

The measured rms wavefront error of the breadboard outgoing beam
and sample beam which is produced by deformation of the primary mirror
substrate is plotted in Figure 78.
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Communications and Intefligence (C31) activities. Technical
and engineering suppont within areas of technical competence
48 provided to ESD Program Offices (POs) and other ESD
elements. The principal technical mission areas are
communications, electromagnetic guidance and control, sur-
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